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ABSTRACT 
 
The types, abundances and textures of heavy minerals in the 63-125 μm fraction 
of modern river sands were investigated in order to assess the controls of climate, tectonic 
setting, source composition, recycling, transport and diagenesis on the nature of 
sedimentary systems. Two rivers on the South Island of New Zealand were selected for 
detailed study; the Haast is a high-flow river located in the high precipitation region near 
the west coast, whereas the Ahuriri River has lower flow rates and is located in a drier 
region in the central South Island. In both river systems, the Zircon-Tourmaline-Rutile 
(ZTR) index increases downstream, illustrating that chemical and mechanical weathering 
gradually degraded the more unstable mineral species relative to ultrastable zircon. Point 
counting of the light mineral fractions indicates a downstream increase in quartz 
compared with feldspar, further suggesting chemical and mechanical weathering 
processes. Although the Chemical Index of Alteration (CIA) values are not high (average 
55 for each river system), the heavy and light mineral data, combined with major element 
results illustrating an increase in SiO2 with decreasing Al2O3, MgO and Fe2O3 
downstream, all indicate a weathering signal. Highly fluctuating patterns in mineralogical 
and geochemical data suggest bar-to-bar variations consistent with mixing from tributary 
input.  
Four heavy mineral types were chosen for textural investigations and include 
garnet, zircon, titanite and tourmaline. Roundness and etching values for each mineral 
produced no downstream trends. This discrepancy is attributed to the recycled nature of 
the source rocks, which are schistose and wacke deposits, as well as input of new source 
material downstream via tributaries, alluvial fans and erosion of Quaternary and Tertiary 
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deposits. Detailed investigations of sediment sampled from a longitudinal bar in the Haast 
River show that surface samples have lower roundness and etching values than sediment 
10 cm below the surface. This result suggests that mineral alteration takes place within 
the water-laden bar through diagenetic processes rather than from subaerial chemical 
weathering.  
 
 
Keywords: heavy mineral, Haast, Ahuriri-Waitaki, New Zealand, weathering, climate, 
surface textures, etching, roundness 
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Overview of Heavy Mineral Investigations 
 
For over one hundred years, earth scientists have been studying heavy minerals in 
sediments and sedimentary rocks mainly for provenance and economic-related projects. 
Early work concerning heavy minerals focused predominantly on their statistical 
distribution in sands (e.g. Dick 1887; Mackie 1923; Thomas 1902). Statistical studies 
have since evolved beyond simple descriptions of heavy mineral occurrences, and have 
focused on 1) downstream variations in heavy mineral concentrations (e.g. Carroll 1957; 
Riezebos 1979; Shideler and Flores 1980), 2) provenance determination (e.g. Briggs 
1965; Pissart et al. 1997; Stattegger 1987), 3) variations in heavy mineral proportions 
from different rivers (e.g. Smale 1990), 4) the stability of heavy minerals (e.g. Pettijohn 
1941; Raeside 1959), and 5) studies of the early atmosphere and past climate changes 
(e.g. Gravenor and Gostin 1979; Rasmussen and Buick 1999).  
The shapes of heavy mineral grains have been examined to analyse their 
behaviour in fluvial systems (e.g. Chaudhri and Gill 1984; Frihy et al. 1995; Luepke and 
Clifton 1983). These studies are often complemented by work regarding the distribution 
of heavy minerals in sediments according to grain size and density (e.g. Le Roux 2005; 
Rittenhouse 1943; Rubey 1933; Weltje 2004). Textural investigations of heavy mineral 
suites have been used to elucidate specific weathering conditions or depositional settings 
(e.g. Lin et al. 1974; Nordstrom and Margolis 1972; Poppe et al. 1995). Most textural 
investigations were conducted in the 1960s with the advent of scanning electron 
microscopy (SEM), but more recent studies involve the use of surface textures to 
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determine provenance (e.g. Moral Cardona et al. 2005). In addition to the textural studies 
of “natural” minerals (i.e. found in sands and sandstones), laboratory investigations of 
heavy mineral weathering have focused on etching patterns (e.g. Fleischer et al. 1964; 
Honess 1917; Honess 1921; Lasaga and Blum 1986; Patel and Ramanathan 1962; Wegner 
and Christie 1985). 
The benchmark paper by Morton and Hallsworth (1999) analyzed in depth the 
different processes controlling the composition of heavy mineral assemblages in 
sandstones. The authors determined that the main parameter governing composition is the 
nature of the source rock(s). In turn, the composition of the source rock(s) can be deduced 
from both compositional and textural investigations of heavy mineral suites. This creates 
good potential for mineral exploration because the source material for placer deposits 
could be tracked by the relative distribution of metallic heavy minerals (e.g. Nicholson 
1967). In some areas, the placer deposits themselves represent viable economic deposits 
(e.g. Woosley et al. 1975; Youngson and Craw 1996). 
Heavy mineral studies were popular during the 1970s, but there was a decade-long 
hiatus in work, as indicated by an apparent lack of publications. In recent years, heavy 
mineral investigations have become more common, and the focus has changed to 
weathering instead of provenance or economic potential. Heavy mineral weathering in the 
subsurface (e.g. Milliken and Mack 1990; Tejan-Kella et al. 1991a,b) and in glacial 
environments (e.g. Setlow and Karpovich 1972; Whalley and Krinsley 1974) has been 
investigated and some studies have also used heavy minerals to explain the diagenesis of 
certain sedimentary sequences (e.g. Smale and Morton 1987; Vallini et al. 2005). 
Projects concerning the effects of climate on fluvial sediments (and the heavy 
minerals they contain) have recently been conducted to study the changes in climate at the 
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source (e.g. Rieser et al. 2005), and to determine the climatic-, tectonic-, and transport-
related controls on chemical weathering (e.g. Morton and Smale 1990; Goodbred Jr. and 
Kuehl 2003; Jacobson et al. 2003). These studies have been carried out on single rivers, 
and usually large river systems (e.g. the Ganges).  
 
1.2 Heavy Mineral Investigations in New Zealand 
In New Zealand, particularly on the South Island, heavy mineral suites have been 
studied to determine provenance, the effects of diagenesis and weathering, and economic 
potential. A general review of heavy minerals of the South Island was conducted by 
Smale (1990), which documented the distribution and affinity of heavy mineral 
assemblages throughout the island. An earlier study by Nicholson (1967) had identified 
economically viable concentrations of heavy minerals in beach sands from the west coast 
of the South Island and compared them to deposits being exploited at the time (ilmenite, 
zircon, rutile and monazite).  
Heavy minerals played an important role in identifying the provenance of specific 
assemblages within South Island terranes, such as the Torlesse (e.g. Smale and Laird 
1995; Smale 1997), and helped clarify the effects of diagenesis and chemical weathering 
in these units (e.g. Smale and Morton 1987; Smale 1989). The conditions of carbonatite 
and fenite formation have also been investigated using the heavy mineral baotite (Cooper 
1996), whereas Youngson (1996) used gold to understand the formation of economic 
placers within collisional orogens (Youngson 1996). A benchmark paper by Morton and 
Smale (1990) focused on the effects of weathering on heavy minerals of the Cascade 
River of New Zealand. Their study suggested that there was no marked influence of 
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chemical or physical weathering in the heavy minerals in the source rock nor in the heavy 
minerals downstream.  
The Haast River system was investigated to determine the effects of climate and 
chemical weathering on solutes, suspended and bedload sediments (Jacobson et al. 2003, 
Kautz and Martin 2007). These studies identified that alteration of carbonate is the 
dominant weathering process and that the uplift rate dictates the speed of the weathering 
process (Jacobson et al. 2003). Kautz and Martin (2007) indicated that there is minimal 
climatic control on the weathering intensity of fluvial sediments and that rivers such as 
the Haast are dominated by physical weathering processes with an absence of chemical 
weathering of silicates. 
The Haast River has also been examined to determine the migration of the Main 
Divide of the Southern Alps (Craw et al. 2003; Cooper and Beck 2009), relief and 
denudation patterns (Korup et al. 2005), and evolution of biological dispersal corridors in 
low mountain passes, which are tectonically active and dynamic in the area (Craw et al. 
2008). 
Studies concerning the Ahuriri River, the second river in the present study, are 
more hydrological in nature and deal with the unpredictable response of braided channels 
to discharge (Mosley 1983), and sedimentation rates within the artificial Lake Benmore, 
in which the Ahuriri River terminates (Pickrill and Irwin 1986). 
 
1.3 Problem 
Comprehensive reviews concerning the occurrence of heavy minerals and their 
behaviour in sedimentary systems (e.g. Luepke and Clifton 1983; Dill 1998) contain 
important information required for heavy mineral studies. However, the majority of 
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published data lack information concerning the relative effects of climate and transport on 
the composition, textures and distribution of heavy mineral suites in multiple fluvial 
systems.  
 
1.4 Aim of the Study 
It is widely assumed that rounding of detrital grains in sedimentary systems 
increases with distance of transport (Twenhofel 1945; Pettijohn et al. 1972). However, 
climate and chemical weathering could possibly alter the surface textures and 
compositions of heavy minerals, thus mimicking long-distance transport. The aim of this 
thesis is to determine the effects of climate and transport on heavy mineral textures, 
compositions and abundances by examining heavy mineral suites from two modern river 
systems on the South Island of New Zealand, the Haast and the Ahuriri. Both fluvial 
systems are sourced by a greywacke/schist sequence and are comparable in terms of 
distance of transport and elevation. However, the western Haast and the eastern Ahuriri 
rivers are located within regions of different weather conditions, the Haast being a high-
flow river located in a more humid environment, and the lower flow Ahuriri River being 
located in a drier environment. Sediment residence times on fluvial bars are significantly 
shorter in the Haast River compared with those of the Ahuriri River. It is anticipated that 
heavy mineral textures and compositions will vary between the two river systems, 
reflecting differences in predominant weather conditions, flow rate, and sediment 
residence times. Minerals in the humid Haast River area are expected to demonstrate 
higher degrees of chemical weathering, but the high flow rate in this system, which 
results in lower sediment residence times, may mask the impact of chemical alteration. In 
turn, mechanical weathering should be more intense in the Haast system compared with 
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the Ahuriri. The drier environment of the Ahuriri River system is expected to result in 
low degrees of chemical weathering of heavy minerals.  
 
1.5 Significance 
If successful, this study could change the manner in which heavy mineral surface 
textures are interpreted in ancient rocks, and could have implications in identifying the 
nature and distance of source material, which in some instances could have an economic 
significance (placer deposits). 
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CHAPTER 2 
 
GEOLOGICAL SETTING 
 
 
2.1 Regional Geology 
New Zealand is located in the South Pacific Ocean (34° to 47° S / 165° to 179° E) 
and consists of two main islands, the North and the South Islands (Figure 2.1). The North 
Island lies on the Australian tectonic plate whereas most of the South Island is located on 
the Pacific plate. The transition zone between the two subducting plates is represented by 
the transform Alpine Fault, along which a change in subduction direction occurs (Figures 
2.1 and 2.2). The North Island represents an arc setting associated with the Tonga-
Kermadec subduction zone. Many volcanic centres are found on the island (Cole et al. 
1995), as well as a fore-arc and a back-arc basin. The South Island is composed mainly of 
accreted terranes with sparse volcanic activity, and is characterized by the Alpine Fault, a 
dextral transpressional structure, formed by the oblique convergence of continental crust 
of the Pacific and Australian Plates (Norris and Bishop 1990; Sutherland 1996).  
Rocks from the Precambrian to Holocene compose New Zealand. A detailed 
geological history of the South Island is outlined herein, as the study areas are restricted 
to the south of New Zealand. Figure 2.3 illustrates the development of 
tectonostratigraphic terranes of New Zealand in relation with time.   
 
2.1.1 Western Province 
Numerous terranes compose the South Island, with the oldest rocks located in the 
Western Province (Figure 2.2). Precambrian rocks are rare and consist of granites, 
metamorphosed greywackes (regional term based on Dott 1964 for sedimentary rocks 
Figure 2.1 Location of the Pacific-Australian plate boundary in the New Zealand region. 
Stippled area represents continental crust surrounding and underlying the islands. Arrows show 
cumulative motion of the Pacific plate - Australian plate tectonic system relative to the 
Australian plate. Note the change in subduction direction north and south of the South Island. NI 
= North Island, SI = South Island (modified from Cole et al. 1995).
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Figure 2.2 Geological map illustrating the locations of terranes on the South Island of New 
Zealand (modified from MacKinnon 1983). Although several Western Province rocks are present 
amongst the Cenozoic units in the study area, they are not depicted in this diagram due to the 
scale. The red line represents the Haast River whereas the green line represents the Ahuriri River. 
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Figure 2.3 Time-space diagram of tectonostratigraphic terranes of the South Island, showing 
inferred timing of amalgamation and accretion. The tail of the arrow indicating provenance 
linking refers to the source material for the sedimentary unit located at the tip of the arrow 
(modified from Bishop et al. 1985).
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containing between 15-75% matrix) and argillites confined to the Fiordland area. 
Cambrian rocks include arc-related volcanic and volcaniclastic rocks, carbonates, cherts 
and quartzo-feldspathic sedimentary rocks that display very low to low metamorphic 
grade (Münker and Crawford 2000). The Ordovician-Silurian part of the Western 
Province is composed of a passive margin sequence with mainly quartz-rich clastic 
sedimentary deposits that were intruded by the Karamea Batholith during the Devonian 
(Münker and Crawford 2000). The rocks of the Western Province are similar to rocks of 
the same age in Australia and Antarctica (Münker and Cooper 1995; Gibson and Ireland 
1996).  
 
2.1.2 Eastern Province 
The Eastern Province consists of numerous terranes of different ages, with most 
being of Triassic or Permian age (Figures 2.2 and 2.3). Although they are geographically 
separated by the Median tectonic line, studies show that there is a close relationship in the 
origin of the Western and Eastern Provinces (e.g. Wysoczanski et al. 1997). The most 
extensively studied terranes of the Eastern Province are the Caples and the Torlesse, both 
of which contain the study areas of this project. The Haast Schist “terrane” contains the 
Caples and part of the Torlesse terranes. 
The accretion episodes that occurred between the Carboniferous and the Lower 
Cretaceous in the Eastern Province are referred to as the Rangitata Orogeny (Bradshaw et 
al. 1980; Laird 1980), during which sedimentary deposits and seafloor basalts were 
compressed and folded. During that time, New Zealand was part of the coast of 
Gondwana, a supercontinent that joined modern day Africa, South America, Australia, 
New Zealand, India, Arabia and Antarctica. The Gondwana margin alternated between 
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passive and active between 500 and 200 million years ago, but the relative position of 
today’s continents remained largely the same. The rocks formed during the Rangitata 
Orogeny comprise sub-parallel terranes that were located along the margin of Gondwana 
(Bradshaw et al. 1980). The terranes contain rocks of overlapping ages, but of different 
facies and affinities. From the foreland eastward, the rocks represent a) island arc 
deposits; b) fore-arc basin material, c) ultramafic basin floor slices, d) trench slope basin 
deposits, and e) an allochthonous continent-derived quartzo-feldspathic clastic wedge 
sequence (Bradshaw et al. 1980). During the mid-Cretaceous, the system changed to 
extensional tectonics, and a rift developed between New Zealand and Australia (opening 
of the Tasman Sea).  
 
2.1.3 Overlying Succession 
The geological history of the South Island from the Cenozoic to the Quaternary 
consists mainly of the evolution of the oblique-transform plate boundary (Alpine Fault), 
the uplift and erosion of the older terranes and the deposits created by movement along 
this fault (Carter 1988; Norris and Turnbull 1993; Sutherland et al. 1995; Youngson et al. 
1998). The sedimentary rocks deposited during this period consist of quartz-rich fluvial 
and lacustrine deposits, immature sandstones and conglomerates, and terrace and fan 
gravels (Sutherland et al. 1995; Youngson et al. 1998). 
 
2.2 Local Geology 
Rocks in the study areas form parts of the Torlesse and Haast Schist terranes of 
the Eastern Province and the Tuhua Group of the Western Province (Figure 2.2; 
MacKinnon 1983).  
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2.2.1 Western Province 
Although the Western Province consists of many units, the only portion pertinent 
to this study is the Tuhua Group. The rocks through which the Haast River flows are part 
of the Tuhua Intrusives, which consist of S-type granitoid intrusions along with 
greywacke schists (regional term for a schist with a wacke protolith) and hornfels 
(Sutherland et al. 1995). These rocks are metamorphosed to greenschist grade facies and 
higher.  
 
2.2.2 Eastern Province 
The Torlesse terrane is Carboniferous to Cretaceous in age and was affected by 
complex deformation (MacKinnon 1983; George 1990; Johnson 1990; Norris and Bishop 
1990). During the Permian and Triassic, strata in the Torlesse terrane were deposited in 
trench slope, or borderland basins along a trench-transform margin fronting a volcano-
plutonic arc. Deposition of the sediments was voluminous and was accompanied by 
deformation and accretion, resulting in parallel belts of Torlesse rock younging outward 
from the Gondwanaland margin. This terrane constitutes the major part of the Eastern 
Province and consists mainly of quartzo-feldspathic greywacke and mudstone, 
intercalated with minor conglomerate, and volcanic rocks associated with chert and 
limestone. The material was deposited mainly by sediment gravity-flow processes in a 
deep-marine environment (MacKinnon 1983). Some highly fossiliferous shallow marine 
and terrestrial deposits lie unconformably on, or are in fault contact with the Torlesse 
rocks. The predominantly arkosic sandstone facies and the composition of conglomerate 
clasts indicate that the source terrane was a continental volcano-plutonic arc, probably 
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part of Gondwanaland, coupled with cannibalized older uplifted Torlesse rocks 
(MacKinnon 1983, Figure 2.3). 
The coeval Caples terrane sedimentary rocks are volcanogenic in origin, in 
contrast to the quartzo-feldspathic Torlesse deposits. Caples terrane rocks are inferred to 
represent forearc basin and trench complex deposits derived from an island arc 
(MacKinnon 1983; Castle 1978). The sedimentary rocks of the Caples terrane consist of a 
coarsening-upward sequence of mudstone, sandstone and conglomerate (Castle 1978). 
Complex deformation of the succession is inferred to have been caused by accumulation 
on, and incorporation of the sediments into an accretionary wedge during underthrusting 
along a plate margin (Castle 1978). A local lamprophyre dyke swarm is present within the 
vicinity of the Haast River (Cooper et al. 1987).  
During the Late Triassic or Early Jurassic, the Caples terrane collided with the 
Torlesse terrane via transform faulting approximately parallel to the Gondwanaland 
margin. The collision resulted in tectonic thickening and metamorphism of Torlesse and 
Caples rocks at the plate interface, creating the Haast Schist terrane (Figures 2.2 and 2.3). 
The boundary between the Torlesse and the Caples terranes is ambiguous as 
metamorphism has obliterated the mineralogical and textural differences between them. 
However, Mortimer and Roser (1992) succeeded in locating the boundary through 
geochemical comparison of rocks from the Torlesse and Caples terranes, which returned 
the same geochemistry as the parent rocks (Figure 2.4). For the purpose of this study, the 
Haast Schist and Torlesse terminology will be used, Haast Schist referring to the 
metamorphosed Caples and part of the Torlesse, whereas Torlesse will refer to the part of 
the terrane that hasn’t been affected by collisional metamorphism. 
Figure 2.4 South Island, New Zealand, showing location of the Otago Schist, Alpine Schist and 
Marlborough Schist, which make up the Haast Schist “Terrane” (modified from Johnson 1990).
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2.2.3 Overlying Succession  
Along the coast and in some sections downstream, the rivers flow into Tertiary 
(Ahuriri only) and Quaternary units (both rivers), which consist of floodplain deposits 
and beach gravels, sands and silts. The Quaternary rocks were deposited by the modern 
rivers (floodplain deposits), but were also derived from melting glaciers (Sutherland et al. 
1995; Youngson et al. 1998). Both river systems flow through minor moraine and 
fluvioglacial sediments, with the Ahuriri flowing through substantially more of it 
(Sutherland et al. 1995). The Ahuriri River cuts through Tertiary deposits (terraces) that 
are being uplifted at an approximate rate of 3 mm/year (Jackson 2002), exposing 
sandstones and conglomerates (Sutherland et al. 1995; Youngson et al. 1998). The 
Waitaki part of the Ahuriri-Waitaki river system contains glacial terrace sediments 
derived from the Tasman Glacier (Kitson and Thiele 1910). The extent of the modern 
floodplain deposits is greater in the Ahuriri-Waitaki system than in the Haast system. 
 
2.3 Haast and Ahuriri-Waitaki Rivers 
The study area (Figure 2.2) consists of two river systems: the Haast, on the 
western South Island, flowing into the Tasman Sea, and the Ahuriri-Waitaki, on the east, 
flowing into the Pacific Ocean. Both rivers are located within the Cfb climate zone of 
Köppen-Geiger (Peel et al. 2007), which is a maritime temperate climate, with warm 
summers and no dry season. However, the amount of precipitation and discharge of the 
rivers is different due to variations within weather systems across the main divide (Figure 
2.5). The Haast River flow is mainly controlled by rainstorms whereas the Ahuriri River 
flow is mainly controlled by snow and ice melt (Horn 1987). The Haast River area has 
higher relative humidity and the Ahuriri river area has slightly higher average temperature  
Figure 2.5 Map of the South Island, New Zealand, showing the Alpine Fault, the Main Divide of 
the Southern Alps, and the watershed classification system. 1) high runoff, high uplift rate, higher 
metamorphic grade; 2) low runoff, low uplift rate, lower metamorphic grade; 3) low runoff, low 
uplift rate, higher metamorphic grade and; 4) high runoff, high uplift rate, lower metamorphic 
grade (modified from Jacobson et al. 2003).
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(Te Ara 2010). The differences in temperature and humidity between the inboard and 
outboard wedge also affect the erosion and weathering rates of the rocks. The 65 km long 
Haast River (Figure 2.6) receives a mean annual rainfall of 7763 mm (Crow Creek 
station, Figure 2.7) and has an average flow of 187 m3/sec (Roaring Billy station, Figure 
2.7), whereas the 79 km long Ahuriri River (Figure 2.8) receives a mean annual rainfall of 
2571 mm (South Diadem station, Figure 2.7) and has an average flow of 28 m3/sec (South 
Diadem station, Figure 2.7) (National Institute of Water and Atmospheric Research, 
personal communication). These differences in climate and water flow influence the 
geomorphology of the rivers, although the gradient for both rivers is similar (Figure 2.9). 
The Haast River is a braided / wandering gravel bed river dominated by non-vegetated 
gravel/cobble bars, with minor sand bars (Figure 2.10a) whereas the Ahuriri-Waitaki 
River is a braided / meandering system characterized by large, predominantly vegetated 
(sometimes treed) sand bars (Figure 2.10b). The Haast River contains one major tributary, 
the Landsborough River, which also acts as the headwaters of the Haast River. The 
Ahuriri River contains no major tributary. The Haast River discharges into the Tasman 
Sea, whereas the Ahuriri River terminates into a series of lakes and a dam, after which the 
Waitaki segment of the river system begins. The Waitaki River discharges into the Pacific 
Ocean. No precipitation or flow information was obtained for the 60 km-long Waitaki 
segment of the Ahuriri-Waitaki River system. Table 2.1 presents a comparative summary 
of the Haast and Ahuriri rivers. 
Possible source rocks for the river sediment and their potential heavy mineral 
contributions are provided in Table 2.2. Figure 2.7 shows the rivers with their tributaries 
along with the local geological units of the area. 
Figure 2.6 Satellite image (Google Earth) of the Haast River and its main tributary ,the 
Landsborough River. The Haast River is a braided / wandering gravel-bed river that contains 
multiple gravel-dominated bars. It originates in the Southern Alps and terminates in the Tasman 
Sea.
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Figure 2.7 Geological map of the study area (modified from Institute of Geological and Nuclear Science 2010). 
4
3
2
3
3
3
4
2
3
34
4 33
3 2
2
AL
PIN
E F
AU
LT
25 km
N
Alp
ine
 Fa
ult
Greywacke, phyllite, hornfels, schists (Ordovician)
Biotite zone quartzo-feldspathic schist (Late Paleozoic-Mid Mesozoic)
Garnet to oligoclase zone quartzo-feldspathic schist (Late Paleozoic-Mid Mesozoic)
Greywacke and argillites (Triassic)
Greywacke and argillites (Permian-Triassic)
Chlorite zone quartzo-feldspathic schist; semi-schistosity or schistosity without foliation (Late Paleozoic-Mid Mesozoic)
Chlorite zone quartzo-feldspathic schist; schistosity and strong foliation (Late Paleozoic-Mid Mesozoic)
Chlorite zone quartzo-feldspathic schist; strong schistosity with weak or no foliation (Late Paleozoic-Mid Mesozoic)
Sandstone and siltstone (Tertiary)
Conglomerate and sandstone (Tertiary)
Till and postglacial alluvium (Quaternary)
Sandstone, siltstone and limestone (Tertiary)
Granite and granodiorite (Paleozoic-Mesozoic)
Basalts (Tertiary)
Coal measures and conglomerate (Mesozoic)
LEGEND
Major Fault
Major River
Lake
Weather Station
Roaring BillyCrow Creek
South Diadem
-45˚
-44˚
171˚
169˚
170˚
Pacific
Ocean
Tasman
Sea
To
rl
es
se
G
ro
u
p
H
aa
st
 S
ch
is
t
G
ro
u
p
Tuhua Gp
20
Haast River
Landsborough
River
Ahuriri
River
Lake
Benmore
Waitaki
River
Figure 2.8 Satellite image (Google Earth) of the Ahuriri River. The Ahuriri River is a braided / 
meandering river that contains multiple sand-dominated bars. It originates in the Southern Alps 
and terminates in Lake Benmore.
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Figure 2.9 Plots with vertical exaggeration of elevation against distance from source for the Haast 
(A) and Ahuriri (B) rivers. Note the steep relief near the beginning of both rivers and the gradual 
flattening of the slope downstream. The        symbol represents low-relief catchment areas where 
fine-grained material is preferentially deposited.
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Figure 2.10 A) Typical scenery and depositional setting along the Haast River: 
non-vegetated, pebble to cobble-dominated bars. Photo taken looking east. B) Typical 
scenery and depositional setting along the Ahuriri River: vegetated sand bars. Photo taken 
looking southeast.
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Table 2.1 Characteristics of the Haast and Ahuriri rivers.
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Length (km) 65 79
Type Braided / wandering gravel-bed Braided / meandering
Dominant bar type Gravel Sand
Average flow (m3/sec) 187 28
Main flow events Storm Seasonal
Main water source Rainfall Snow / ice melt
Average rainfall (mm/year) 7763 2571
Average temperature (°C) 15 18
Average ralative humidity (%) 85 76
Gradient 600 m / 65 km 1200 m / 79 km
Climate Maritime temperate Maritime temperate
Estimated sediment residence time Days to weeks Months to years
Main load type Bedload Bedload
Ahuriri RiverHaast River
Table 2.2 Transect length of the two rivers, and the possible heavy mineral contributions from the lithological units.
Source Rock types Transect River Possible heavy mineral contribution
Haast Schist Group Quartzo-feldspathic schists 54 km Haast Garnet, biotite, chlorite, amphibole, epidote, zircon, oxides, sulfides, titanite + pyroxenes
Tuhua Group Hornfels and greywacke schists 3 km Haast Garnet, biotite, chlorite, amphibole, zircon, oxides, sulfides, titanite 
Modern floodplain Beach sand and recycled material 8 km Haast Garnet, biotite, chlorite, amphibole, zircon, oxides, titanite 
Torlesse Group Greywacke and argillite, minor lava flows 43 km Ahuriri Garnet, biotite, chlorite, amphibole, epidote, zircon, oxides, sulfides, titanite + pyroxenes
Haast Schist Group Quartzo-feldspathic schists 26 km Ahuriri Garnet, biotite, chlorite, amphibole, epidote, zircon, oxides, sulfides, titanite + pyroxenes
Modern floodplain Beach sand and recycled material 10 km Ahuriri
Torlesse Group Greywacke and argillite, minor lava flows 34 km Waitaki Garnet, biotite, chlorite, amphibole, epidote, zircon, oxides, sulfides, titanite + pyroxenes
Modern floodplain Beach sand and recycled material 26 km Waitaki Garnet, biotite, chlorite, amphibole, zircon, oxides, titanite 
25
 26
CHAPTER 3 
 
MATERIALS AND METHODS 
 
3.1 Materials 
 Samples were collected during the months of November and December in 2003. 
Sampling targeted the fine sand/silt fraction of river sediments along the Haast and the 
Ahuriri-Waitaki River systems of New Zealand. The aim was to sample sands at 2 km 
intervals from the sources to the mouths of the rivers (Figure 3.1). The Ahuriri River 
terminates into a series of lakes, which merge with the Waitaki River; the latter flows into 
the Pacific Ocean. Sampling of the Waitaki River sediments was conducted every 10 km 
because of limited access. The presence of lakes and dams upstream inhibits almost 
completely the movement of sediments to the ocean. 
The sediment was sampled preferentially where a concentration of heavy minerals 
was either observed or expected. Most samples were collected along the sides of bars, but 
also along riverbanks where no bar was present. In the higher energy Haast River, 
samples were locally collected on cobble/gravel bars where fine sand accumulations were 
found between cobbles. Contamination with freshly eroded riverbank material could not 
always be avoided. The top 5 cm of material were collected using a 20 cm long stainless 
steel garden trowel and the samples were placed directly into ZiplocTM bags. Table 3.1 
provides sample locations and indicates which samples were chosen for geochemical and 
grain size analysis. 
Samples AAW-1 and AH-1 are rocks collected from the sources of each river, 
which are thought to represent the initial source material for the sediments. Sample 
AAW-1 was a cobble-size schist fragment collected from the Ahuriri River bed because
Figure 3.1 Sample locations with geological map as background (modified from Institute of Geological and Nuclear Science 2010). AH-XX refers 
to Haast River samples, AL-X to Landsborough River samples, and AAW-XX to Ahuriri-Waitaki River samples. This applies throughout the thesis. 
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Table 3.1 Sample locations and list of samples used for geochemical and grain size analyses. Sample site refers to the position from where the 
samples were taken in relation to fluvial elements: A) rock outcrop, B) behind a boulder, C) top of a bar, D) bottom of a channel, E) side of a bar, 
F) corner of beach and river, G) beach, H) top of a bar - 10 cm depth, I) top of bar - 5 cm depth, J) riverbank, K) side of a lake, L) 30 cm under 
surface, M) point of a bar. 
Sample # AH-1 AH-2 AH-3 AH-4 AH-5 AH-6 AH-7 AH-8 AH-9 AH-10 AH-11 AH-12 AH-13
X (UTM) 2217298 2218553 2218631 2219729 2220442 2219014 2219669 2220890 2222218 2222868 2220030 2217760 2215351
Y (UTM) 5670099 5672180 5672238 5674367 5676056 5679256 5681325 5683052 5684683 5686613 5687104 5688735 5688147
Sample site A B B C D B E E E C C C C
Geochemistry X X X X X X
Point counting X X X X X X X X X X X X X
Light minerals X X X X
Surface Textures X X X X X X X
Grain size analysis X X X
Sample # AH-14 AH-15 AH-16 AH-17 AH-18 AH-19 AH-20 AH-21 AH-22 AH-23 AH-24 AH-25 AH-26
X (UTM) 2212345 2209108 2206307 2200835 2199044 2190602 2192224 2189001 2190555 2192611 2192753 2193847 2195970
Y (UTM) 5690062 5688520 5686128 5688462 5689610 5699369 5700002 5697804 5699354 5697629 5695253 5693159 5690946
Sample site C E E E E F C G G C C C E
Geochemistry X X X X X X X
Point counting X X X X X X X X X X X X X
Light minerals X X X
Surface Textures X X X X X X X
Grain size analysis X X X X
Sample # AH-27 AH-28 AH-29 AH-30 AH-31 AH-32 AH-33 AH-34 AH-35 AH-36 AH-37 AH-38
X (UTM) 2199128 2199128 2199103 2199103 2199063 2199063 2199043 2199043 2199108 2199108 2199108 2199049
Y (UTM) 5689627 5689627 5689620 5689620 5689615 5689615 5689610 5689610 5689622 5689672 5689672 5689613
Sample site C H C H C H C H C C I D
Geochemistry X
Point counting X X X X X X X X X X X X
Light minerals
Surface Textures X X X X X X X X
Grain size analysis X X X X 28
Table 3.1 (continued) Sample locations and list of samples used for geochemical and grain size analyses. Sample site refers to the position from 
where the samples were taken in relation to fluvial elements: A) rock outcrop, B) behind a boulder, C) top of a bar, D) bottom of a channel, E) 
side of a bar, F) corner of beach and river, G) beach, H) top of a bar - 10 cm depth, I) top of bar - 5 cm depth, J) riverbank, K) side of a lake, L) 
30 cm under surface, M) point of a bar. 
Sample # AAW-1 AAW-2 AAW-3 AAW-4 AAW-5 AAW-6 AAW-7 AAW-8 AAW-9 AAW-10 AAW-11 AAW-12 AAW-13
X (UTM) 2244110 2244117 2243063 2241949 2241364 2241147 2240664 2239323 2238903 2239134 2240148 2242612 2245915
Y (UTM) 5673538 5673499 5671246 5669182 5666815 5664481 5662165 5657665 5656846 5652006 5647329 5643588 5640623
Sample site A J E C C C C C C M G C M
Geochemistry X X X X X X
Point counting X X X X X X X X X X X X X
Light minerals X X X
Surface Textures X X X X X X X
Grain size analysis X X X
Sample # AAW-14 AAW-15 AAW-16 AAW-17 AAW-18 AAW-19 AAW-20 AAW-21 AAW-22 AAW-23 AAW-24 AAW-25 AAW-26
X (UTM) 2247967 2249522 2252752 2256096 2258906 2261487 2264473 2266851 2270538 2272840 2274226 2276111 2287629
Y (UTM) 5634295 5632293 5629669 5627837 5628240 5630703 5633197 5634395 5633223 5633210 5633150 5631366 5622592
Sample site C C M E C C C C J C C C K
Geochemistry X X X X X X
Point counting X X X X X X X X X X X X X
Light minerals X X X
Surface Textures X X X X X X X
Grain size analysis X X X X
Sample # AAW-27 AAW-28 AAW-29 AAW-30 AAW-31 AAW-32 AAW-33 AAW-34 AL-1 AL-2
X (UTM) 2286747 2309842 2318685 2327104 2346271 2336240 2354003 2363752 2223930 2226780
Y (UTM) 5622633 5605621 5596376 5593039 5587295 5590677 5586569 5584478 5685650 5688060
Sample site L J E J E J J J J J
Geochemistry
Point counting X X X X X X X X X X
Light minerals X
Surface Textures X X
Grain size analysis X X 29
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snow covered the outcrop. Sample AH-1 was hammered from an outcrop located at the 
source of the Haast River. A series of surface sands (5 cm depth) and deeper sands (10 cm 
depth) was collected from a large bar on the Haast River, in order to compare several 
samples across the same depositional feature and at different depths (Figure 3.2). During 
the winter of 2005, 2 additional samples were collected from the Landsborough River 
(AL-2, AL-2), which is a tributary of the Haast River, in order to evaluate the effects of a 
major tributary on the fluvial system (Figure 3.1).  
 
3.2 Methods 
All samples were placed in a dessication oven at the University of Otago in 
Dunedin, New Zealand, and the dried products were shipped to Canada. Petrography of 
the inferred source rocks was conducted on normal thin sections using a Nikon Eclipse 
E600POL polarizing microscope fitted with a rotary stage and a reflected light 
attachment. The rock used for thin section was retained and the remainder was crushed 
using a Bico disc mill located at the Université du Québec à Chicoutimi in order to 
prepare the sample for pulverizing at the University of Western Ontario and to facilitate 
extraction of heavy minerals.  
Grain size analysis was conducted on selected samples from both river systems in 
order to assess the nature of the material collected. In this procedure, the samples were 
run through 21 sieves (3 sets; Table 3.2). Following grain size analysis, approximately 
half of the samples (even numbers) were split into 2 fractions using a micro splitter with a 
6 cm feed width and sixteen 3 mm slides; one part for heavy mineral extraction and the 
second for geochemistry. The fraction retained for geochemical analysis was sieved using 
a Retsch AS200 digital sieve shaker. The sieves used were VWR brand U.S.A., stainless
Figure 3.2 Location and depth of the samples used in the bar profile study. See Figure 3.1 for relative position of the bar in the 
Haast River. Contour lines every 20 meters. 
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Used for Used for 
Grain size analysis Heavy mineral separation
7 2800 -1.5 X X
8 2360 -1.25 X
10 2000 -1 X X
12 1700 -0.75 X
14 1400 -0.5 X X
16 1180 -0.25 X
18 1000 0 X X
20 850 0.25 X
30 600 0.75 X X
35 500 1 X
40 425 1.25 X X
50 300 1.75 X
60 250 2 X X
70 212 2.25 X
80 180 2.5 X X
100 150 2.75 X X
120 125 3 X X
140 106 3.25 X
170 90 3.5 X
230 63 4 X X
270 53 4.25 X
Sieve # Opening (µm) Opening (φ)
Table 3.2 Sieves used for grain size analysis and heavy mineral extraction.
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steel, standard testing sieves. Each sieve was hand-cleaned or washed in a Branson 8510 
ultrasonic bath for a period of 30 minutes prior to processing the next set. The samples 
were sieved in the order they were collected to keep contamination at a minimum. The 
loss of material during this process was on average 0.5 wt% per sample. All samples were 
weighed on a Mettler Toledo digital scale (220g and 2000g maximum capacity). The 63-
125µm fraction of each sample was collected and pulverized using a tungsten ring 
pulverizer and the samples were then shipped for geochemical analysis to Geoscience 
Laboratories, Ontario Geological Survey.  
All remaining fractions and the remainder of the samples were then treated for 
heavy mineral recovery through additional sieving (same method as above) using 11 
standard testing sieves (2 sets; Table 3.2). The 63-125µm fraction was used for heavy 
mineral extraction. Because the quantity required for heavy mineral extraction is between 
10-12g, larger samples were run through a microsplitter until a fraction averaging 
between 10-12g was obtained. Heavy mineral extraction was conducted in 500ml 
PyrexTM separatory funnels using sodium polytungstate (SPT) powder dissolved in 
distilled water to reach a specific gravity of 2.96g/cm3. The density of the SPT was 
monitored using hydrometers. Following separation, the samples were drained through a 
vacuum funnel fitted with quantitative (#454) VWR brand filter paper, washed with 
distilled water and left to air dry on 9” aluminum plates. The samples were placed into 3 
and 0.5 dram glass vials. The samples were poured onto 10 cm size petri dishes and 
examined under a Nikon SMZ1500 stereoscopic microscope fitted with a Dolan-Jenner 
Industries high intensity illuminator. Ethanol (95%) was used for some samples in an 
attempt to facilitate observation and extraction of the grains, but the end results were 
similar to those obtained without ethanol. The samples were processed in a random order 
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to avoid bias and the proportion of each heavy mineral type was determined using the 
ribbon counting method with 300 grains (c.f. Middleton et al. 1985). The ribbon method 
was used in order to preserve the grains for surface texture analysis. Where mineral 
identification was difficult, a Bruker AXS microdiffractometer located in Dr. Roberta 
Flemming’s facility at the University of Western Ontario (omega scan, θ1 + θ2 = 2θ, start 
10 + 25 = 35, stop 35 + 0 = 35, ω = 25 degrees, time = 8 mins, beam size = 50 μm) was 
used, and/or an energy dispersive spectroscopy scan was conducted on a LEO 440 
conventional electron microscope equipped with a Gresham light element detector and a 
Quartz XOne energy dispersive X-ray (EDX) (accelerating voltage of 20kV) located at 
Surface Science Western at the University of Western Ontario. A second point count was 
conducted on 4 randomly selected samples at the end of the point counting process in 
order to assess the variance in the results. The results (Table 3.3) show a low variance 
between the samples, which should not impact the overall results. Fourteen samples (7 
from the Haast River, 1 from the Landsborough River and 6 from the Ahuriri River) were 
selected to conduct light mineral study. The light minerals of the 63-125µm fraction were 
mounted in epoxy on a thin section, polished, and 400 grains were point counted using a 
polarizing microscope with a grid. 
In order to investigate surface textures of different heavy mineral species, 
magnetic separation was conducted to separate the heavy minerals into different groups 
according to their magnetic susceptibility. A Sepor automagnet was used initially to 
remove highly magnetic minerals such as magnetite. The samples were then run through a 
Frantz LB-1 magnetic barrier separator attached to a LFC-2 low field control and a 
Lambda EMS-150-7 power supply. The settings on the Frantz magnetic separator were as 
follows: side slope 15°, forward slope 20°. The current settings used were 0.2, 0.4, 0.7, 
Table 3.3 Comparison of original ribbon count (Round 1) and second ribbon count (Round 2) for 4 randomly 
chosen samples. Note the minor differences in grain counting variability.
Round 1 Round 2 Round 1 Round 2 Round 1 Round 2 Round 1 Round 2
AAW-4 AAW-4 AAW-16 AAW-16 AH-13 AH-13 AH-24 AH-24
Pyroxene 83 80 80 82
Amphibole 1 1 73 75 42 43
Epidote 195 198 172 175 57 56 32 28
Titanite 21 19 35 33 2 1
Oxides 55 53 69 71 44 47 50 48
Zircon 8 8 16 17 8 10 32 33
Garnet 5 6 3 1 8 9
Apatite 3 3 2 1 18 20 38 40
Sulfides 11 8 4 2 3 3
Rutile 2 3 1 1 3 2 6 5
Tourmaline 1 6 7 6 5
Biotite 3 1 3 4
Chlorite
Total 300 300 300 300 300 300 300 300
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1.2, and 2.5A (modified after Flinter 1959; Rosenblum 1958). A small number of samples 
were run using an older L-1 magnetic separator, using the same current and slope settings. 
The separate fractions were then placed into RNA/DNA 0.2ml plastic vials. 
A total of 38 samples (14 from the Ahuriri River, 22 from the Haast River and 2 
from the Landsborough River) were selected for surface textural study. Where quantity 
permitted, 20 grains each of zircon, garnet, titanite and tourmaline were randomly picked 
from each sample using a needle-shaped picking tool and were placed on 1 cm size 
carbon stickers mounted on glass slides. The slides were then coated in carbon and 
introduced into a Hitachi 2600 tungsten filament scanning electron microscope with 
Robinson backscatter electron detector (10 kV accelerating voltage, aperture = 4, working 
distance 20 mm) located in Dr. Desmond Moser’s facility at the university of Western 
Ontario, where 2321 grains were digitally photographed (Table 3.4). Confirmation of the 
grain types (on 100 selected grains) was made by using the LEO 440 located at Surface 
Science Western at the University of Western Ontario, with an accelerating voltage of 15 
kV. 
The photomicrographs were printed on paper, with the grain numbers recorded on 
the backs to avoid bias. They were then sorted into four piles according to grain type. 
Each pile was subsequently sorted according to the degree of roundness of the grains, 
from 1 to 5; 1 being the least rounded and 5 being the most rounded. Powers’ roundness 
values (1953) were not used because some heavy minerals are more resistant to rounding. 
For example zircon would have rounding values ranging from 1-2 only. The value was 
recorded on the back of the photomicrograph, in pencil, with an “R” prefix. The exercise 
was done once more after “shuffling” the photos, and the rounding values were written in 
pen. Photographs that were assigned a different roundness value in the second round were
Table 3.4 Compilation of the number and parent sample of grains used for surface 
textural study.
Sample # Garnet Titanite Tourmaline Zircon Total
AAW-2 20 31 20 71
AAW-4 19 20 20 59
AAW-6 2 19 20 41
AAW-8 21 20 15 56
AAW-10 8 20 20 48
AAW-12 17 20 20 57
AAW-13 20 20 20 60
AAW-14 7 20 21 48
AAW-16 17 20 21 58
AAW-18 20 20 20 60
AAW-20 20 21 20 61
AAW-22 20 20 20 60
AAW-24 20 19 20 59
AAW-25 20 20 20 60
AH-1 2 1 3 6
AH-2 20 10 30
AH-5 20 19 15 20 74
AH-6 20 20 20 60
AH-8 20 20 20 20 80
AH-10 20 20 22 19 81
AH-12 20 21 21 20 82
AH-14 20 20 20 20 80
AH-16 20 20 20 20 80
AH-17 20 14 21 20 75
AH-20 21 17 20 21 79
AH-23 20 11 22 20 73
AH-24 20 20 20 60
AH-26 20 16 20 20 76
AH-27 20 20 20 60
AH-28 20 21 20 61
AH-29 20 20 20 60
AH-30 20 21 20 61
AH-31 20 20 20 60
AH-32 21 20 20 61
AH-33 22 19 21 62
AH-34 20 21 20 61
AL-1 5 8 12 25
AL-2 20 20 15 21 76
Total 682 516 399 724 2321
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always within 1 step (up or down) of the first value given. A total of 16 samples were re-
assigned value for roundness, giving a reproducibility of 99%. The process was repeated 
for the degree of etching, wherein 1 represented none to very little etching and 5 
represented heavy etching. The reproducibility for etching was 99% (23 etching values 
were re-assigned). The written value was given an “E” prefix. This method ensured the 
absence of bias when attributing a value to a grain and facilitated comparison between 
grains, wherein for example, zircon was compared with zircon. The values for each grain 
were then entered into a spreadsheet for statistical analysis. The average standard 
deviation for roundness is 1.04 (minimum of 0.47, maximum of 2.12) and for etching is 
1.07 (minimum of 0.57, maximum of 2.83). Figure 3.3 illustrates the analytical steps 
taken in this thesis. 
Figure 3.3 Flow chart of methods used for sample processing. HM, heavy minerals; LM, 
light minerals. Note that not all samples were split for geochemical analysis or grain size 
analysis.
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CHAPTER 4 
 
MINERALOGICAL COMPOSITION 
 
4.1 Introduction 
 In order to investigate the impact of climate and transport on the composition of 
heavy minerals, a comparison of the relative abundances of heavy minerals downstream 
was conducted. Analysis of the source rocks from the two river systems along with a 
characterization of the studied material was carried out to properly establish the nature of 
the material and its origin. Standard point counting of the light minerals (comparison of 
quartz and feldspar content) in the 63-125 µm fraction was also conducted on select 
samples in order to verify if chemical weathering was at play. 
  
4.2 Source Rock 
 4.2.1 Haast River System 
 One sample of the Haast Schist (AH-1) was collected from the source of the Haast 
River system (Figure 4.1a). The fine-grained grey rock is characterized by a well-
developed schistose texture and a swarm of mm to cm scale quartz veins that penetrate 
the rock parallel to the schistosity plane. The Haast River source rock (sample AH-1, 
Figure 4.1b) contains 70% matrix and 30% potential detrital grains. The matrix consists 
mainly of white mica (80%) and other clay-sized grains (10%), with minor amounts of 
quartz, feldspar, oxides and sulfides. The sand-sized grains consist mainly of elongated, 
sub-rounded monocrystalline quartz (95%), with minor feldspar (4%) and biotite (1%), 
with the remainder of the grains consisting or rare zircon, titanite, tourmaline, apatite, 
epidote, pyroxene, amphibole, garnet, carbonate, white mica, oxide and sulfide grains.
Figure 4.1 A) Haast Schist at sample AH-1 location. Note the well-developed schistosity 
and parallel quartz veinlets. B) Photomicrograph of sample AH-1 in cross-polarized light. 
Strong schistosity is observable within the quartzwacke.
A
B
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The average grain size is 30µm with a range between 10-150µm. On the QFR diagram of 
Dott (1964), the sample plots as a quartzwacke (rock containing between 15-75% matrix 
and in which >95% of the detrital grains are quartz). 
 The quantity of heavy minerals extracted from the host rock was significantly 
lower than in the sediment samples, and is mainly dominated by sulfides (263), with the 
non-opaque heavy minerals being pyroxene (25), epidote (5), apatite (4), amphibole (1) 
and tourmaline (1). Few grains of oxides were observed (2) (Table 4.1). Minor titanite, 
zircon, garnet, rutile, biotite and chlorite grains were observed in sample AH-1. Rare 
garnet (2), tourmaline (1) and zircon (3) grains were available for surface textural analysis 
(Table 3.4).  
 
 4.2.2 Ahuriri-Waitaki River System 
 A sample of the Haast Schist (AAW-1) was collected close to the source of the 
Ahuriri-Waitaki River system (Figure 4.2a). Although not collected directly from the 
headwaters of the river due to ice cover, the sample is considered to be representative of 
the initial source rock in the area. Figure 4.2b illustrates a typical Haast Schist outcrop in 
the vicinity of the Ahuriri-Waitaki River source. The fine-grained grey rock is 
characterized by a well-developed schistose texture and a swarm of mm to cm scale 
quartz veins penetrating the rock parallel and at an angle to the schistosity plane. The 
Ahuriri River source rock (sample AAW-1, Figure 4.3a) contains 60% matrix and 40% 
sand-sized detrital grains. The matrix consists mainly of white mica (85%) and other clay-
sized grains (10%), with minor amounts of quartz, feldspar, oxides and sulfides. The 
detrital grains consist mainly of spherical, sub-angular monocrystalline quartz (80%), 
minor feldspar (10%) and epidote (9%), with the remainder consisting of rare zircon,
Table 4.1 Heavy mineral point counting statistics for all samples. Samples AH-1 and AAW-1 are presented twice, the * indicating point 
counting results without taking into consideration sulphides (AH-1) and oxides (AAW-1). 
AH Series 1 1* 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Pyroxene 24 172 57 73 95 80 102 73 73 76 87 70 48 83 81 118 68 79 34 4 89 11 27
Amphibole 1 8 39 12 31 5 18 45 28 34 57 32 59 73 64 32 60 26 18 5 46 22
Epidote 5 33 106 117 70 78 81 93 86 91 67 81 75 57 51 67 30 90 29 32 57 10 30
Titanite 7 8 9 9 7 8 4 4 4 3 2 2 1 4 3 2 3
Oxides 2 47 53 57 51 91 50 52 57 61 23 76 46 44 59 50 59 74 115 212 22 258 146
Zircon 8 2 5 13 2 16 4 13 3 16 10 15 8 6 6 9 6 34 18 15 6 24
Garnet 7 10 6 6 3 11 3 12 5 9 5 1 3 3 3 10 6 19 20 5 11 22
Apatite 4 4 2 18 4 25 6 11 5 19 17 11 15 18 15 9 11 13 37 7 42 4 17
Sulfides 263 1 3 2 5 3 5 2 6 1 4 10 3 5 3 1 1
Rutile 4 8 1 5 6 3 3 5 1 2 6 3 1 6 4 1 1 1
Tourmaline 1 2 4 1 1 1 6 12 4 13 9 7 6 4 6 6 3 7 1 5 7
Biotite 3 5 1 1 5 7 3 3 27 15
Chlorite 5 6 11 15 6 2 5
Total 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
ZTR Index 2.9 5.6 5.8 2.9 7.8 4.3 7.8 5.4 12.6 3.4 10.9 9.0 11.5 6.7 4.3 5.3 10.0 4.0 24.3 22.7 8.0 14.3 20.9
AH Series 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 1 2
Pyroxene 137 80 81 89 82 105 121 143 150 132 113 99 134 79 82 34 61 71
Amphibole 39 42 55 57 16 20 29 12 10 20 26 29 25 22 25 20 3 5
Epidote 30 32 50 30 95 79 69 61 57 49 70 63 60 75 75 77 77 106
Titanite 2 1 7 4 7 4 2 2 2 2 4 3 17 6
Oxides 76 50 95 39 67 59 62 47 51 72 59 72 54 71 82 113 77 79
Zircon 1 32 1 28 3 7 7 11 7 7 11 6 13 10 11 9 7
Garnet 1 8 1 6 8 4 1 4 3 6 6 2 18 8 26 3
Apatite 4 38 7 31 13 11 8 14 9 8 10 6 10 14 7 5 9 9
Sulfides 1 3 2 8 1 2 5 3 1 2 1 2 36 14
Rutile 2 6 3 3 3 1 1 2 1 1 2 1 3 2 4
Tourmaline 7 6 5 7 4 6 1 4 4 3 3 6 4 5 5 8 4 3
Biotite 3 1 1 3 1 1 3 2 1 2
Chlorite 1 1 5 1
Total 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
ZTR Index 4.2 18.0 4.3 15.1 4.7 5.9 0.8 5.0 6.4 4.5 4.3 8.4 4.2 7.7 8.8 11.0 9.1 4.8
Chlorite
Total
Sulfides
Rutile
Tourmaline
Biotite
ZTR Index
AL Series
Pyroxene
Amphibole
Epidote
Titanite
Oxides
Zircon
Garnet
Apatite
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Table 4.1 (continued) Heavy mineral point counting statistics for all samples. Samples AH-1 and AAW-1 are presented twice, the * 
indicating point counting results without taking into consideration sulfides (AH-1) and oxides (AAW-1). 
AAW Series 1 1* 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Pyroxene 2 1
Amphibole 1 1 3 3 1 1 1 2 1 2 1 3 1 2 2
Epidote 18 30 209 173 195 215 216 207 181 217 178 198 175 195 175 181 172 179 174 186 184 199 180
Titanite 4 6 20 46 21 31 24 36 33 20 41 37 36 35 46 41 35 43 38 40 31 37 42
Oxides 260 45 53 55 36 33 39 55 48 59 46 49 53 52 56 69 52 57 47 55 39 51
Zircon 2 5 5 8 7 13 7 16 4 14 9 16 12 21 9 16 16 31 16 30 19 19
Garnet 1 5 1 5 4 1 4 1 2 4 2 2 4 3 2 3 1
Apatite 1 5 1 3 2 2 4 3 5 1 2 9 1 4 2 2 2 2
Sulfides 16 24 5 14 11 7 5 6 7 5 3 6 9 2 2 4 3 1 2
Rutile 1 1 1 7 2 2 1 2 1 1 1 1 1 1
Tourmaline 1 1 1
Biotite 2
Chlorite
Total 300 68 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
ZTR Index 4.2 6.8 2.4 5.2 4.3 3.5 5.0 2.7 6.7 1.6 6.3 4.4 7.0 4.9 8.9 4.1 7.5 7.2 12.8 7.2 12.2 7.3 8.1
AAW Series 23 24 25 26 27 28 29 30 31 32 33 34
Pyroxene 55 8 11 10 7 3 7
Amphibole 3 1 1 1 6 5 3 2 3 2 3
Epidote 172 147 181 177 205 184 217 226 211 224 203 201
Titanite 50 55 45 35 22 13 11 14 14 10 8 15
Oxides 46 46 61 56 58 14 43 29 38 38 43 43
Zircon 28 42 10 11 4 2 4 13 1 15 8
Garnet 2 4 1 2 4 6 2 2 5 7 9 5
Apatite 1 3 14 11 9 4 6 7 6
Sulfides 1 2 1 16 2 5 2 2
Rutile 1 1 1 1 5
Tourmaline 1 1 3 1 1 2 4 7 7
Biotite
Chlorite
Total 300 300 300 300 300 300 300 300 300 300 300 300
ZTR Index 11.5 16.7 4.2 5.3 2.0 1.1 1.2 2.2 6.1 1.9 9.0 7.7 44
Figure 4.2 A) Sample location of AAW-1. Snow and ice prevented access to the headwaters 
of the Ahuriri River. B) Typical Haast Schist outcrop near sample site AAW-1. Note the 
cross-cutting quartz veinlets.
A
B
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Figure 4.3 A) Photomicrograph of sample AAW-1 in cross-polarized light. Weak schistosity is 
observable within the arkosic greywacke. B) Sample site of AH-24 showing sand accumulation on 
top of a gravel bar. Trowel (circled) is 20 cm.
A
B
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titanite, tourmaline, apatite, pyroxene, amphibole, garnet, carbonate, white mica, oxide 
and sulfide grains. The average grain size is 10µm with a range between 5-100µm. The 
sample plots as an arkosic greywacke on the Dott (1964) diagram (rock containing 
between 15-75% matrix and in which detrital grains are < 95% quartz and contain more 
feldspars than lithic fragments). 
 Similar to sample AH-1, the quantity of heavy minerals extracted from the host 
rock was significantly lower than in the sediment samples, and is mainly dominated by 
oxides (260), as opposed to sulfides in AH-1, with the non-opaque heavy minerals being 
epidote (18), titanite (4), amphibole (1) and rutile (1). Several grains of sulfides were 
observed (16) (Table 4.1). Although relatively abundant in the sediment samples, no 
zircon, garnet, or apatite grains were observed in sample AAW-1. Due to scarcity of 
specific heavy mineral species, sample AAW-1 could not be used for surface textural 
analysis (Table 3.4). 
 
4.3 Grain Size and Location 
4.3.1 Haast River System 
Grain size analysis of selected Haast River samples (Figure 4.4) reveals that the 
sampled material is generally moderately well sorted, as indicated by the steep slope of 
the granulometric curves. The curve does not reach the bottom of the graph for sample 
AH-20 because a significant amount of material passed through the last sieve (see 
Appendix 1 for grain size analysis data). Although different, most of the plots in Figure 
4.4 show moderate degrees of sorting, regardless of the depositional site. The sampled 
material falls between coarse and very fine sand (means from 1.16φ to 3.41φ) and is 
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Figure 4.4 Grain size analysis results for selected samples from the two rivers. The Y axis 
represents the passing percentage on the sieves while the mesh size is plotted on the X axis. The 
sedimentary environment where the sample was taken is indicated below the sample number. 
Source data located in Appendix 1.
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Figure 4.4 (continued) Grain size analysis results for selected samples from the two rivers. The Y 
axis represents the passing percentage on the sieves while the mesh size is plotted on the X axis. 
The sedimentary environment where the sample was taken is indicated below the sample number. 
Source data located in Appendix 1.
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Figure 4.4 (continued) Grain size analysis results for selected samples from the two rivers. The Y 
axis represents the passing percentage on the sieves while the mesh size is plotted on the X axis. 
The sedimentary environment where the sample was taken is indicated below the sample number. 
Source data located in Appendix 1.
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moderately to moderately well sorted (sorting from 0.51 to 0.98). Grain size analysis was 
not conducted on the Landsborough River samples. 
The Haast River system samples were collected from a variety of locations on 
depositional features (Table 4.2). The ideal sample site (heavy mineral concentrate along 
the sides of sand bars) was rarely available and therefore sampling had to be conducted 
on gravel bars (Figure 4.3b) where sand was collected amongst cobbles, on the tops of 
bars (Figure 4.5a), in sand accumulations behind boulders (Figure 4.5b), and at the 
bottoms of shallow channels (Figure 4.6a). Some samples were also collected from the 
beach. Both Landsborough River samples were collected from heavy mineral horizons 
along the riverbank. 
 
4.3.2 Ahuriri-Waitaki River System 
Granulometric curves created for selected Ahuriri and Waitaki River samples 
(Figure 4.4) reveal predominantly moderately sorted material. Samples for which the 
curve does not reach the bottom of the graph contain a significant amount of material that 
passed through the last sieve (Appendix 1). The majority of the samples display a 
moderate degree of sorting, regardless of the depositional site. The sampled material falls 
between coarse and fine sand (means from 0.25φ to >3.15φ) and ranges from poorly to 
well sorted (sorting from 0.36 to >1.49). The grain size analyses reveal that the Ahuriri-
Waitaki River system contains slightly finer material, and that sorting is not as high as in 
the Haast River system. 
Different locations on depositional features were sampled (Table 4.2). Due to the 
scarcity of ideal sample sites (heavy mineral concentrates on the sides of sand bars – 
Table 4.2 Distance from source and sampling location for each of the samples.
Distance (km)
from source
AH-1 0.8 Outcrop
AH-2 3.2 Beginning of Haast River near water cascade
AH-3 3.3 Sand accumulation behind boulder
AH-4 5.7 Top of sand bar
AH-5 8.0 Sand bottom of small channel beside bar
AH-6 12.2 Sand accumulation behind boulder
AH-7 15.1 Heavy mineral horizon on side of bar
AH-8 17.2 Heavy mineral horizon on side of bar
AH-9 19.4 Heavy mineral horizon on side of bar
AH-10 21.7 Amongst cobbles on top of bar
AH-11 24.6 Top of sand bar
AH-12 27.4 Top of sand bar
AH-13 30.0 Sand on top of gravel bar
AH-14 33.4 Top of sand bar
AH-15 37.6 Sand horizon on side of gravel bar
AH-16 41.1 Heavy mineral horizon on side of bar
AH-17 46.6 Sand horizon on side of gravel bar
AH-18 49.3 Heavy mineral horizon on side of bar
AH-19 65.0 Junction of beach and river intersection
AH-20 63.0 Top of sand bar
AH-21 65.0 Placer horizon on sand beach
AH-22 65.0 Beach sand
AH-23 60.3 Sand on top of gravel bar
AH-24 57.9 Sand on top of gravel bar
AH-25 55.6 Top of sand bar
AH-26 52.7 Heavy mineral horizon on side of bar
AH-27 49.3 Top of large sand bar
AH-28 49.3 Top of large sand bar (10cm deep)
AH-29 49.3 Top of large sand bar
AH-30 49.3 Top of large sand bar (10cm deep)
AH-31 49.3 Top of large sand bar
AH-32 49.3 Top of large sand bar (10cm deep)
AH-33 49.3 Top of large sand bar
AH-34 49.3 Top of large sand bar (10cm deep)
AH-35 49.3 Top of large sand bar
AH-36 49.3 Sand horizon on side of gravel bar
AH-37 49.3 Sand horizon on side of gravel bar (5cm deep)
AH-38 49.3 Bottom of shallow channel on side of sand bar
AL-1 20.3 Heavy mineral horizon on riverbank
AL-2 17.3 Heavy mineral horizon on riverbank
Sample Sample Site
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Table 4.2 (continued) Distance from source and sampling location for each of the 
samples.
Distance (km)
from source
AAW-1 2.0 Large boulder
AAW-2 2.0 Riverbank/water interface
AAW-3 4.5 Sand horizon on side of gravel bar
AAW-4 6.9 Top of sand bar
AAW-5 9.3 Sand on top of gravel bar
AAW-6 11.7 Heavy mineral horizon on side of bar
AAW-7 14.0 Top of sand bar
AAW-8 18.7 Heavy mineral horizon on side of bar
AAW-9 19.6 Sand on top of gravel bar
AAW-10 24.5 Sand horizon at point of gravel bar
AAW-11 29.3 Beach sand
AAW-12 33.8 Sand on top of gravel bar
AAW-13 38.2 Sand horizon at point of gravel bar
AAW-14 44.8 Sand on top of gravel bar
AAW-15 47.3 Sand on riverbank
AAW-16 51.5 Point of sand bar
AAW-17 55.3 Sand horizon on side of gravel bar
AAW-18 58.1 Sand horizon on top of gravel bar
AAW-19 61.7 Sand horizon on top of gravel bar
AAW-20 65.5 Sand horizon on top of gravel bar
AAW-21 68.1 Sand on top of gravel bar
AAW-22 72.0 Sand on riverbank
AAW-23 74.3 Sand on top of gravel bar
AAW-24 75.7 Top of sand bar
AAW-25 78.4 Sand on top of gravel bar
Lake Benmore
AAW-26 97.4 Lakeshore, before dam
AAW-27 98.3 30 cm under surface in pebble bar
AAW-28 128.7 Riverbank, between pebbles (under water)
AAW-29 141.4 Heavy mineral horizon on side of bar
AAW-30 150.5 Riverbank, between pebbles (under water)
AAW-31 159.8 Heavy mineral horizon on side of bar
AAW-32 170.3 Riverbank
AAW-33 178.0 Riverbank (under water)
AAW-34 188.0 Riverbank
Sample Sample Site
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Figure 4.5 A) Sample site of AH-4. Sand was collected from the top of a bar. B) Sample site 
of AH-3. Sand was collected from behind a boulder (arrow) due to the scarcity of 
fine-grained material. Person standing next to the arrow as scale.
A
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Figure 4.6 A) Sample site of AH-5. In some localities, samples were collected along the bottoms 
of small channels in order to obtain the desired particle size. B) Sample site of AAW-29. Where 
possible, the samples were collected from sandy heavy-mineral concentrates along the sides of 
gravel bars.
A
B
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Figure 4.6b), sampling had to be conducted along riverbanks (Figure 4.7a), on the tips of 
gravel bars where sand collected amongst cobbles (Figure 4.7b), on the tops of sand bars 
(Figure 4.8a), along lake shores (Figure 4.8b), on the tops of gravel bars, and even under 
water.  
 
4.3.3 Haast Bar 
Samples collected from a bar in the Haast River are characterized by moderately 
to moderately well sorted material (sorting from 0.63 to >1.17; Figure 3.2, Figure 4.4). 
Several samples exhibit significant amounts of fine material, which is represented by a 
granulometric curve that does not reach the bottom of the plots (e.g. AH-31, Appendix 1). 
Although only one buried sample (10cm, AH-34) was analyzed, it is better sorted than the 
samples located at the surface. The samples fall between coarse and very fine sand, with 
means from 1.93φ to >3.74φ. Grain size analysis of the bar samples returned similar 
results to those from the Haast River system. 
The sands were sampled from different locations along a large gravel bar with 
sand cover. Samples were collected from the top of the bar (Figure 4.9a), sand horizons 
on the side of a gravel-dominated section of the bar (Figure 4.9b), and at the bottom of a 
shallow channel on the side of the bar.  
 
4.4 Light Minerals 
Point counting of the light minerals in the 63-125µm fraction (Table 4.3) was 
conducted on selected samples from both river systems in order to assess whether 
chemical weathering played a role in composition. This was done by calculating the
Figure 4.7 A) Sample site of AAW-2. Where no bars were present, sand was sampled from the 
riverbanks. B) Sample site of AAW-25, where sand accumulations were located at the point and 
on the sides of gravel bars. Person standing at the point of the bar for scale.
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Figure 4.8 A) Sample site of AAW-24. Several samples were collected from long sand bars such as 
this one in the Ahuriri River. B) Sample site of AAW-26, on the shore of Lake Benmore, which 
corresponds to the end of the Ahuriri River.
A
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Figure 4.9 A) Sample site of AH-31 and AH-32, on top of a large bar in the Haast River. Trowel is 
20 cm.  B) Sample site of AH-36 and AH-37, on top of a gravel layer in a large bar in the Haast 
River (same bar as Figure 4.9a). Trowel (circled) is 20 cm.
A
B
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Table 4.3 Point count statistics for select samples used in the chemical weathering estimation using quartz/feldspar ratios.  The change in the 
quartz/feldspar (Qtz/Fp) ratio downstream is illustrated on Figure 4.10.
AH-2 AH-6 AH-9 AH-11 AH-15 AH-23 AH-26 AL-2 AAW-4 AAW-8 AAW-12 AAW-16 AAW-20 AAW-24
Quartz 186 151 178 174 167 195 206 58 44 51 64 72 103 111
Plagioclase 77 48 30 26 12 12 7 2 12 10 12 10 17 7
K-feldspar 6 2 3 2 0 1 2 0 0 1 0 0 3 1
Biotite 18 9 8 5 8 11 5 14 1 1 0 0 0 0
Rock Fragment 96 168 169 176 198 160 170 322 341 336 322 315 276 281
Muscovite 6 15 9 11 11 16 7 2 2 0 0 0 1 0
Oxide 7 2 2 1 2 2 1 2 0 1 2 3 0 0
Carbonate 2 2 0 1 1 0 0 0 0 0 0 0 0
Chlorite 2 3 1 4 1 3 2 0 0 0 0 0 0 0
Total 400 400 400 400 400 400 400 400 400 400 400 400 400 400
Quartz/feldspar 2.2 3.0 5.4 6.2 13.9 15.0 22.9 29.0 3.7 4.6 5.3 7.2 5.2 13.9
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quartz/feldspar ratios in the samples and examining how they change downstream. The 
point count results were also used in an attempt to classify the samples according to their 
composition and tectonic setting. 
 
4.4.1 Haast River System 
The quartz/feldspar ratio of the Haast River samples steadily increases 
downstream (Figure 4.10), with the exception of the last point on the plot (sample AH-
23). The value from one Landsborough River sample is also significantly higher than the 
Haast values. The results confirm that chemical weathering probably occurs in the Haast 
River system, but the decrease in feldspar content could also possibly be due to the lower 
resistance of feldspar to physical weathering (Pettijohn et al. 1972).  The majority of the 
samples from the Haast River plot as litharenites, with one sample falling in the 
feldspathic litharenite field (Figure 4.11a). A downstream trend away from the feldspar 
pole toward the quartz-rock fragments axis reflects a decrease in feldspar content (quartz 
increase) with an apparent stable content of rock fragments. The sample from the 
Landsborough River contains less feldspar. According to the diagram of Dickinson et al. 
(1983) (Figure 4.11b), all samples from the Haast River fall within the recycled orogenic 
field. The recycled orogenic field indicates sources that experienced continent-continent 
collision or continent-volcanic arc collision. This is consistent with the formation of the 
Haast Schist, which formed during the evolution and collision of a volcanic arc with a 
continental block.  
 
Figure 4.10 Chemical weathering downstream illustrated by the quartz/feldspar ratios in both river 
systems. Note the high ratio of the Landsborough River sample (dot). The source data can be found 
in Table 4.3.
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Figure 4.11 Ternary diagrams illustrating the composition of select sediment samples.  A) QFR 
(quartz-feldspar-rock fragments) diagram (Folk et al. 1970) indicating that the majority of samples 
are litharenites. B) QFL (L= lithic fragments) diagram (Dickinson and Suczek 1979, Dickinson et 
al. 1983) indicating a recycled provenance for the Haast River samples and an undissected arc 
provenance for the Ahuriri River and Landsborough River samples.
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4.4.2 Ahuriri-Waitaki River System 
The quartz/feldspar ratios in the Ahuriri-Waitaki River samples increase 
downstream (Figure 4.10), with the exception of the second-last point on the plot (sample 
AAW-20), which has a lower quartz/feldspar ratio. The overall results suggest that 
chemical weathering is conceivably operative in the Ahuriri-Waitaki River system, but 
the trend could be due to physical breakdown of feldspars downstream. 
All of the samples from the Ahuriri River plot as litharenites (Figure 4.11a). There 
is an evolution towards the quartz axis (decrease in rock fragments) downstream. The 
majority of the samples from the Ahuriri River fall within the undissected arc field on the 
tectonic ternary diagram (Figure 4.11b), with two samples plotting within the transitional 
arc field. 
  
4.5 Heavy Minerals 
Point counts of the heavy mineral fractions were conducted in order to determine 
how the mineral proportions behave downstream. The data (Table 4.1) were also used to 
calculate the ZTR (Zircon-Tourmaline-Rutile) index of the samples (Hubert 1962), which 
represents the degree of stability of the heavy mineral suite, the most stable heavy mineral 
suite being represented by a high ZTR index.   
 
4.5.1 Haast River System 
Pie charts were created in order to illustrate the point counting results (Figure 
4.12). A version with topography and fewer samples is also provided on Map 1, which 
gives a more accurate representation of the behaviour of the minerals downstream. Heavy 
minerals in the Haast River system include pyroxene, amphibole, epidote, titanite, oxides,
Figure 4.12 Pie diagrams illustrating the downstream proportion changes of the heavy minerals in the Haast River system samples. The two samples 
with the AL prefix represent Landsborough river samples. The Haast River flows from east to west. The three beach samples were collected from 
the west coast of the South Island, where the Haast River drains into the Tasman Sea. Samples AH-1 and AH-1* represent source rock sample 
mineral proportions with and without sulfides respectively. The “Others” category was used to illustrate the mineral phases whose proportions were 
not large enough to appear on the pie diagrams. 
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zircon, garnet, apatite, sulfides, rutile, tourmaline, biotite and chlorite. The Landsborough 
River samples contain the same mineral suite, with the exception of biotite and chlorite. 
The results indicate a marked difference between the heavy mineral suite of the 
source rock (dominated by sulfides) and the sediment samples. Even by recalculating the 
proportions without the sulfides (AH-1*), the source rock sample still stands out as it 
contains a greater proportion of pyroxene, and much less amphibole and epidote than the 
sediment samples. The second obvious difference in the data is that the beach samples 
contain significantly more oxide and garnet than the fluvial samples. The bar samples 
contain a high proportion of pyroxene. 
Mineral phases that decrease downstream include pyroxene, epidote, oxides and 
titanite, whereas the proportions of amphibole, apatite, zircon, tourmaline and garnet 
increase downstream. The number of grains observed for other mineral phases were not 
significant enough to draw conclusions regarding their downstream distribution. 
The Landsborough River samples (AL-1 and AL-2) appear to contain significant 
amounts of sulfides, but that signature disappears once it merges with the Haast River. 
These samples also contain a large proportion of oxides, titanite and epidote compared 
with the Haast River samples, and contain almost no amphibole in comparison with the 
main river system. The only differences in proportions within the Landsborough samples 
are more sulfides and titanite for AL-1 and a greater proportion of epidote for AL-2.   
The ZTR index for the Haast River samples (Figure 4.13), although erratic from 
station to station, steadily increases downstream. This shows an evolution towards a more 
stable heavy mineral suite downstream, but also highlights a large bar to bar variation. 
The two Landsborough River samples fall within the ZTR range of those from the Haast 
River samples where the two rivers merge. 
Figure 4.13 Mineral stability downstream illustrated by the ZTR index in both river systems. The 
Landsborough River samples are illustrated by the red dots. The source data can be found in Table 
4.1.
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4.5.2 Ahuriri-Waitaki River System 
Heavy minerals from the Ahuriri River include pyroxene, amphibole, epidote, 
titanite, oxides, zircon, garnet, apatite, sulfides, rutile, tourmaline and biotite (Figure 4.14, 
Map 2). The Waitaki River samples contain the same mineral suite with the exception of 
biotite (Table 4.1) 
Similar to the results from the Haast River, there is a notable difference between 
heavy mineral proportions in the source rock (dominated by oxides) and the sediment 
samples. Oxides are predominant in sample AAW-1, but decrease significantly 
downstream. The proportions recalculated without the oxides (AAW-1*) produce more 
pyroxene and sulfides than in the sediment samples. The Waitaki River contains different 
heavy mineral abundances than the Ahuriri River; the latter are dominated by epidote, 
oxides, titanite and zircon whereas the Waitaki samples predominantly contain epidote 
with significant amounts of pyroxene, garnet, apatite and zircon. The samples collected 
above the dam contain a similar heavy mineral suite as the Ahuriri samples. 
In the Ahuriri River, the mineral phases that decrease downstream are principally 
epidote and sulfides, whereas the proportions of titanite and zircon increase. The amount 
of oxides remains relatively stable. Very few grains of amphibole, apatite and pyroxene 
were observed in the Ahuriri samples. The number of grains observed for these mineral 
phases were not significant enough to draw conclusions regarding their distribution 
downstream. 
The Waitaki River samples are characterized by abundant pyroxene, apatite, and 
garnet. The amount of pyroxene quickly diminishes, whereas the proportions of other 
minerals remain more or less consistent downstream, with a diminution in the apatite 
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Figure 4.14 Pie diagrams illustrating the downstream proportion changes of the heavy minerals in the Ahuriri-Waitaki River system samples.  The 
Ahuriri-Waitaki River system flows from west to east. Sample AAW-26 and AAW-27 were collected at the lake and dam respectively. Samples 
AAW-1 and AAW-1* represent source rock mineral proportions with and without oxides respectively. The “Others” category was used to illustrate 
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content. This is significantly different from the Ahuriri River samples. The Waitaki River 
heavy mineral suite appears to be more complex than that of the Ahuriri River. 
The ZTR index for the Ahuriri River samples (Figure 4.13) shows an overall 
increase downstream with significant bar to bar variation. Where the river meets the lake 
and dam system, the ZTR index appears to be reset. The ZTR index also increases 
downstream in the Waitaki River, which shows an evolution towards a more stable heavy 
mineral suite downstream for both segments of the Ahuriri-Waitaki River system. 
 
4.5.3 Haast Bar 
 The heavy mineral proportions of the bar located in the Haast River (Figure 4.15) 
show no significant differences along the bar profile nor between the samples taken from 
the surface and at 10 cm depth. Sample AH-38 differs (more oxides and significantly less 
pyroxene), as it was sampled from an active channel.  
 The ZTR values of the bar samples (Figure 4.16) indicate (with the exception of 
one sample site) that the deeper sediments are slightly more chemically and/or 
mechanically weathered than the sediments from the surface at the same locations. The 
ZTR values are relatively consistent across the bar. 
 
4.6 Comparison of the Two River Systems 
 Considering the nature of the sediment, the main difference between the river 
systems is that the Ahuriri-Waitaki contains slightly finer material. However, the Haast 
River system is dominated by non-vegetated gravel bars whereas the Ahuriri-Waitaki 
River system is characterized mainly by sandy, vegetated bars (Figures 2.10a and 2.10b). 
For approximately the same travel distance (65-75 km), chemical weathering in the Haast 
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Figure 4.15 Pie diagrams representing the proportion of heavy minerals in the samples taken across the bar in the Haast River. The letter “S” 
represents a sample that has been collected on surface, whereas (5) and (10) represent samples which have been collected at 5 cm and 10 cm depth 
respectively. Side-by-side pie diagrams represent 2 samples which were collected from the same location. “Others” in the legend refers to minerals 
whose quantity, for any given sample, was too low to illustrate in the pie diagrams.
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Figure 4.16 Heavy mineral assemblage maturity along one bar in the Haast River (Figure 3.2)  
illustrated by the ZTR index, both for surface and 10 cm deep samples. The ZTR index is calculated 
using the percentage of zircon, tourmaline and rutile grains within the transparent, non-micaceous 
detrital heavy minerals. Notice the overall greater stability of the deeper samples. The source data 
can be found in Table 4.1.
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River system might appear to be stronger, as indicated by higher quartz/feldspar ratios 
overall. However, the change in this ratio might also be explained by physical weathering 
of the feldspar grains and by a different proportion of quartz and feldspar in the initial 
samples. 
The proportions of heavy minerals in each river system vary. The Haast River 
source rock heavy mineral suite is dominated by sulfides whereas the heavy mineral suite 
of the source rock sample from the Ahuriri-Waitaki system predominantly contains 
oxides. Downstream from the source rocks, the Haast River samples contain mainly 
pyroxene, epidote, amphibole and oxides, whereas the Ahuriri-Waitaki River samples 
predominantly contain epidote, titanite and oxides. In addition, the Ahuriri-Waitaki 
system contains significantly more epidote and zircon. A comparison of the ZTR indices 
illustrates starting values around 2-3, but at the end of the river systems, the values are 
higher for the Haast (~24 compared to ~17).  
 74
CHAPTER 5 
 
GEOCHEMICAL COMPOSITION 
 
5.1 Introduction 
The 63-125μm fraction of 28 bulk samples (15 from the Haast River and 13 from 
the Ahuriri River) were analyzed for major and trace element analysis. X-ray 
fluorescence was used for the major elements, P and Ti, and ICP-MS was used for the 
remaining trace and REE at the Geoscience Laboratories, Ontario Geological Survey, 
Sudbury, Canada. Precision and accuracy of the XRF method are reported in Dostal et al. 
(1994), and of the ICP-MS method are described in Ayer and Davis (1997). Analytical 
errors in trace element determinations range from 2-10% and are <5% for major elements. 
Tables 5.1 and 5.2 present the results of analyses for all samples. The source rocks (AH-1 
and AAW-1) were not analyzed for major elements. Post-Archean Australian Shale 
(PAAS) normalizing values from Taylor and McLennan (1985) were used for the REE 
element diagrams and the Lan/Ybn ratios provided in Tables 5.1 and 5.2.  
 
5.2 Major Elements 
 5.2.1 Haast River System 
The major element results were used to characterize the samples by plotting them 
on bivariate diagrams (Figure 5.1a) and to determine source rock composition (Figure 
5.2a). The samples plot as transitional between greywackes and litharenites (Figure 5.1a). 
This is in accordance with the mineralogical observations in Chapter 4, in which the 
samples were classified as litharenites (Figure 4.11a). The source rock composition for 
the Haast River samples is an intermediate to felsic igneous provenance (Figure 5.2a).
Sample AH-1 AH-2 AH-3 AH-6 AH-8 AH-10 AH-12 AH-14 AH-16 AH-18 AH-20 AH-22 AH-24 AH-26 AH-28
Al2O3 (wt%) 9.81 14.5 13.2 13.54 13.13 13.56 12.4 14.64 12.58 13.31 8.57 12.22 13.13 12.55
CaO 1.32 1.36 1.56 2.08 1.54 1.53 1.32 2.02 2.02 1.62 1.08 1.39 1.43 1.42
Fe2O3 3.24 5.71 4.47 4.79 4.34 4.05 3.84 4.85 5 3.99 3.26 3.66 3.93 3.97
K2O 1.33 2.47 2.03 1.53 1.9 2.11 2.06 2.05 1.85 1.82 1.24 1.8 1.96 1.99
MgO 0.86 1.77 1.44 1.54 1.42 1.28 1.27 1.61 1.22 1.31 0.79 1.16 1.28 1.27
MnO 0.08 0.1 0.07 0.08 0.06 0.06 0.06 0.09 0.12 0.06 0.07 0.06 0.06 0.06
Na2O 2.62 2.78 3.09 3.91 3.32 3.39 2.88 3.33 3.06 3.55 2.19 3.14 3.3 2.99
P2O5 0.1 0.14 0.13 0.19 0.13 0.14 0.11 0.15 0.17 0.16 0.08 0.12 0.12 0.13
SiO2 78.67 67.86 71.35 69.72 71.53 71.19 73.6 68.12 70.77 71.23 80.76 74.05 72.08 72.92
TiO2 0.52 0.61 0.56 0.86 0.66 0.7 0.62 0.89 1.48 0.65 0.76 0.62 0.63 0.68
LOI 1.45 2.64 2.04 1.72 1.92 1.95 1.78 2.2 1.7 2.26 1.18 1.75 2.03 1.97
Total 100.00 99.94 99.94 99.96 99.95 99.96 99.94 99.95 99.97 99.96 99.98 99.97 99.95 99.95
CIA 54.6 59.9 56.6 53.3 56.0 56.0 57.0 56.3 54.0 55.3 55.4 55.9 56.4 56.5
P (ppm) 524 735 655 1036 702 661 596 792 879 652 479 641 563 639
Ti 2979 4024 3575 5313 4177 4039 3660 5136 6723 3695 4436 3674 3640 4058
Ce 60.02 40.38 57.58 56.27 61.32 55.76 75.69 62.37 67.86 121.92 68.93 54.51 66.4 66.95 70.19
Cs 6.516 3.011 5.447 4.436 3.233 4.001 4.555 4.287 4.612 3.93 4.04 2.427 3.843 4.372 4.221
Dy 4.57 2.746 4.641 3.754 4.301 3.847 4.366 3.603 4.551 6.482 4.15 2.962 3.745 3.905 4.003
Er 2.608 1.722 2.701 2.116 2.341 2.086 2.456 2.024 2.567 3.885 2.33 1.815 2.09 2.138 2.27
Eu 1.081 0.754 1.155 1.032 1.349 1.102 1.284 1.065 1.286 1.728 1.25 0.866 1.124 1.127 1.179
Gd 4.857 2.912 4.864 4.098 4.835 4.277 4.981 4.119 4.978 6.728 4.57 3.229 4.146 4.377 4.448
Hf 3 1.8 2.9 2.6 2.4 2.8 3 2.6 2.4 5 2.7 2.2 2.2 2.3 2.6
Ho 0.897 0.563 0.93 0.739 0.815 0.746 0.846 0.712 0.89 1.329 0.806 0.598 0.729 0.76 0.782
La 28.39 19.55 27.02 27.01 29.81 26.96 37.18 29.91 32.3 62.39 33.54 27.56 32.56 32.92 34.37
Lu 0.337 0.261 0.35 0.275 0.289 0.276 0.309 0.272 0.339 0.49 0.293 0.263 0.258 0.27 0.288
Nb 9.7 7.9 8.1 7.9 13.7 11.2 11.2 9.8 12 18.5 10.1 10.7 9.9 10.8 10.7
Nd 26.65 17.64 26.27 24.43 27.2 24.75 31.74 26.31 29.61 47.34 29.22 21.54 27.66 28.21 29.49
Pr 7.034 4.607 6.754 6.459 7.027 6.431 8.51 7.038 7.78 13.466 7.855 5.942 7.453 7.593 7.901
Rb 119 50.86 90.88 76.27 57.08 73.01 80.34 78.64 73.29 70.62 74.78 48.24 71.42 79.78 79.84
Sm 5.58 3.42 5.41 4.71 5.51 4.95 5.97 4.94 5.81 8.34 5.54 4 5.08 5.28 5.47
Sr 261.5 191.6 226.4 250.4 253.6 228.3 266.1 231.3 284.6 292.4 268.8 173.8 242.8 251.2 245.9
Ta 0.69 0.5 0.57 0.57 0.78 0.66 0.81 0.69 0.88 1.32 0.71 0.7 0.69 0.77 0.76
Tb 0.763 0.44 0.755 0.611 0.721 0.635 0.731 0.608 0.746 1.035 0.695 0.482 0.621 0.648 0.677
Th 12.25 7.02 9.82 9.64 10.53 10.49 13.42 10.56 12.38 18.04 11.24 8.11 12.74 12.19 12.29
Tm 0.375 0.259 0.386 0.302 0.323 0.295 0.343 0.293 0.373 0.569 0.331 0.277 0.292 0.307 0.323
U 2.884 1.415 2.321 2.211 1.974 2.141 2.819 2.338 2.634 3.577 2.53 1.668 2.501 2.497 2.478
Y 23.99 14.52 23.62 18.78 20.85 18.68 21.44 18.18 22.63 34.14 21.3 15.42 18.93 19.75 20.77
Yb 2.36 1.77 2.47 1.95 2.08 1.93 2.2 1.9 2.42 3.6 2.08 1.82 1.82 1.96 2.03
Zr 102.5 65.5 98.8 87.2 86.9 93.8 99.7 89.8 84.3 169.3 89.8 78.7 74.6 78.9 89.7
Lan/Ybn 0.89 0.82 0.81 1.02 1.06 1.03 1.25 1.16 0.99 1.28 1.19 1.12 1.32 1.24 1.25
Table 5.1 Trace and major element data for samples from the Haast River.
75
Sample AAW-1 AAW-2 AAW-4 AAW-6 AAW-8 AAW-10 AAW-12 AAW-14 AAW-16 AAW-18 AAW-20 AAW-22 AAW-26
Al2O3 (wt%) 14.32 13.63 13.82 14.03 13.68 14.38 13.3 13.05 13.03 12.5 12.06 17.32
CaO 1.8 1.8 1.9 1.8 1.82 1.89 1.75 1.87 1.76 1.69 1.62 2.48
Fe2O3 3.95 3.46 3.51 3.69 3.58 4.02 3.52 3.55 3.67 3.52 3.27 6.66
K2O 3 2.91 2.97 2.96 2.76 2.98 2.58 2.49 2.46 2.29 2.23 3.02
MgO 1.34 1.14 1.19 1.19 1.22 1.37 1.19 1.23 1.28 1.18 1.11 2.31
MnO 0.06 0.05 0.05 0.06 0.05 0.06 0.05 0.06 0.05 0.05 0.05 0.1
Na2O 2.97 2.9 2.9 2.95 2.96 2.88 2.94 2.92 2.98 2.88 2.84 2.3
P2O5 0.13 0.11 0.11 0.12 0.12 0.13 0.12 0.11 0.12 0.12 0.11 0.22
SiO2 69.86 71.54 70.68 69.54 70.64 69.08 71.69 72.07 72.14 73.15 74.54 58.83
TiO2 0.53 0.47 0.48 0.52 0.54 0.57 0.53 0.56 0.51 0.48 0.45 0.84
LOI 2.46 2.34 2.53 2.57 2.76 2.5 2.65 2.23 2.21 2.15 2.13 5.43
Total 100.42 100.35 100.14 99.43 100.13 99.86 100.32 100.14 100.21 100.01 100.41 99.51
CIA 55.7 54.9 54.7 55.3 55.1 55.8 55.2 54.5 54.8 54.8 54.6 60.0
P (ppm) 559 517 561 572 636 636 639 560 593 540 510 873
Ti 3161 2771 2910 3086 3137 3356 3045 3146 3037 2843 2707 5421
Ce 75.36 72.631 63.601 60.612 65.584 75.836 70.484 70.18 72.998 60.502 55.13 55.947 68.868
Cs 6.069 4.421 4.156 4.257 4.429 4.403 4.602 4.163 4.143 3.985 3.608 3.421 5.872
Dy 5.14 4.012 3.493 3.419 3.751 3.937 4.127 3.911 4.035 3.708 3.294 3.261 5.263
Er 3.035 2.286 2.034 1.968 2.152 2.236 2.326 2.231 2.284 2.13 1.898 1.842 3.041
Eu 1.402 1.174 1.061 1.031 1.11 1.201 1.237 1.166 1.218 1.083 1.006 0.99 1.413
Gd 5.543 4.388 3.86 3.787 4.094 4.527 4.596 4.399 4.633 4.118 3.67 3.675 5.687
Hf 4.1 4.088 3.427 3.425 3.623 4.01 4.031 4.248 3.633 4.377 3.882 3.458 4.786
Ho 1.019 0.791 0.682 0.68 0.743 0.776 0.808 0.769 0.798 0.732 0.655 0.647 1.051
La 33.29 35.666 31.093 29.657 31.776 37.117 33.72 33.858 37.197 29.987 27.341 27.738 33.205
Lu 0.437 0.338 0.297 0.293 0.317 0.324 0.341 0.324 0.322 0.309 0.283 0.267 0.436
Nb 13.7 9.167 8.414 9.022 9.181 9.403 9.558 8.573 9.106 8.571 7.895 7.471 10.587
Nd 32.85 29.383 26.069 25.076 27.604 30.752 29.847 29.47 30.654 26.377 23.669 23.918 31.9
Pr 8.74 8.093 7.13 6.876 7.471 8.364 7.992 7.818 8.294 7.088 6.391 6.509 8.215
Rb 145.13 83.29 91.709 96.007 94.434 78.737 75.512 72.329 78.545 81.442 77.386 72.56 111.421
Sm 6.76 5.403 4.778 4.681 5.111 5.642 5.635 5.427 5.631 5.073 4.483 4.551 6.459
Sr 237.7 250.886 256.946 262.968 267.916 291.139 284.701 300.086 309.775 288.532 276.74 273.817 279.562
Ta 1 0.824 0.708 0.769 0.812 0.804 0.835 0.757 0.808 0.722 0.678 0.66 0.812
Tb 0.864 0.659 0.583 0.565 0.625 0.666 0.694 0.659 0.678 0.617 0.553 0.552 0.876
Th 18.27 14.418 12.87 12.237 13.359 14.399 13.782 13.045 13.143 11.8 10.856 11.129 13.637
Tm 0.447 0.338 0.294 0.292 0.316 0.328 0.343 0.327 0.335 0.315 0.281 0.271 0.441
U 3.877 3.279 2.831 2.849 3.07 3.309 3.301 3.146 3.06 2.872 2.659 2.495 3.595
Y 26.91 2.235 1.969 1.939 2.105 2.181 2.273 2.164 2.199 2.068 1.897 1.822 2.977
Yb 3.01 2.235 1.969 1.939 2.105 2.181 2.273 2.164 2.199 2.068 1.897 1.822 2.977
Zr 137.4 18.607 16.821 16.752 17.906 19.006 18.907 18.189 18.888 17.349 15.904 15.364 25.305
Lan/Ybn 0.82 1.18 1.17 1.13 1.11 1.26 1.10 1.16 1.25 1.07 1.06 1.12 0.82
Table 5.2 Trace and major element data for samples from the Ahuriri River.
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Figure 5.1 Classification of samples from the Haast (A) and Ahuriri (B) rivers based on the 
major element classification of Pettijohn et al. (1972) with boundaries after Herron (1988). All 
samples fall within the greywacke or litharenite fields.
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Figure 5.2 Relationship between two discriminant functions after Roser and 
Korsch (1988) for the Haast River (A) and Ahuriri River (B) sample suites. 
Discriminant function 1: (20.628*TiO2/Al2O3) - (12.541*Fe2O3/Al2O3) + 
(7.329*MgO/Al2O3) + (12.031*Na2O/Al2O3) + (35.402*K2O/Al2O3) - 6.382 
Discriminant function 2: (56.5*TiO2/Al2O3) - (10.879*Fe2O3/Al2O3) + 
(30.875*MgO/Al2O3) - (5.404*Na2O/Al2O3) + (11.112*K2O/Al2O3) - 3.89. 
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The mineralogical composition of the samples indicated a recycled provenance (Figure 
4.11b), which suggests that the residual (recycled) material is probably different from the 
original material, which would have been more mafic in composition (mafic to 
intermediate – in accordance with Chapter 2), since recycling has a “felsification” effect 
on sediments (Blatt 1967; Pettijohn et al. 1972; Ferree et al. 1988). This is also why 
samples should be evaluated both mineralogically and geochemically in this type of 
study, in order to prevent false interpretations.  
 Harker variation diagrams (Figure 5.3) for the Haast River samples show negative 
correlations between SiO2 versus TiO2, Al2O3, FeOtotal, Na2O, CaO and MgO. The 
increase in SiO2, which is generally an indication of increased mineralogical maturity, 
does generally weakly correlate with a downstream evolution of the samples, with the 
exception of sample AH-2 (largest circle; Figure 5.3). The confirmation is the beach 
sample (black dot), which appears to have the highest mineralogical maturity in all the 
diagrams. The heavy mineral sample (open square) follows the general trend of the data, 
except for on the TiO2 vs. SiO2 plot where it is a clear outlier. The linear trend of the 
samples without a clear downstream evolution could possibly be due to a mixing signal, 
which is expressed by samples following a general trend between two end-members 
(Chayes 1964). 
The samples do not illustrate an increase in chemical weathering downstream, as 
shown on the Chemical Index of Alteration (CIA) ternary diagram (Figure 5.4a). The CIA 
index is calculated as CIA = [Al2O3/(Al2O3+CaO+Na2O+K2O)] x 100. A chemical 
evolutionary trend would be represented by a deviation of the samples towards the Al2O3-
K2O line and then towards the Al2O3 apex with weathering intensity. The average CIA 
value for the Haast River system of 55.9 compares well with the average value of 55.4 for 
Figure 5.3 Harker variation diagrams for the Haast River sample suite. An increase in SiO2 
suggests increased mineralogical maturity. The sizes of the symbols are proportional to the 
distance from the source (the closer the sample, the bigger the symbol). The black dot 
represents a beach sample (AH-22) and the open square represents a heavy mineral placer 
(AH-18). 
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Figure 5.4 Ternary diagrams illustrating the CIA (Chemical Index of Alteration, Nesbitt and Young 
1982) of the Haast River samples (A) and the Ahuriri River samples (B). The red star represents the 
average value. Chemical weathering downstream would be indicated by a trend, or spread of the 
samples, moving towards the Al2O3-K2O line and up towards the Al2O3 pole. Notice the tight 
distribution of samples. Diagram was cut at 50% Al2O3. Importance of symbol size is explained in 
Figure 5.3.
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the Ahuriri system, indicating that although the Haast River runs through a more humid 
environment, chemical weathering is not more significant compared with that occurring 
in the drier Ahuriri system area. 
Comparison of major element evolution with distance from source shows no clear 
pattern (Figure 5.5). Groups of major element oxides demonstrate similar behaviours 
downstream: 1) Al2O3, Fe2O3 and MgO, 2) CaO and Na2O, and 3) MnO, P2O5 and TiO2. 
However, single oxide peaks generally do not correlate with increases in specific heavy 
mineral abundances (e.g. high P2O5 with apatite), with the exception of Al2O3 and MgO 
which appear to be linked with biotite abundance in samples AH-16 and AH-20. 
 
 5.2.2 Ahuriri River System 
The majority of the Ahuriri samples plot along the boundary between the 
greywacke and litharenite fields in Figure 5.1b, with one sample (AAW-26) clearly 
plotting as a greywacke. These results are in accordance with the mineralogical 
observations in Chapter 4, where all samples plotted as litharenites (Figure 4.11a). The 
samples plot within the felsic igneous provenance on the provenance diagram, with only 
one sample (AAW-26) falling within the intermediate igneous field (Figure 5.2b). The 
mineralogical compositions of the samples gave an arc provenance (see Chapter 4), which 
is explained by the abundance of lithic fragments in comparison to quartz and feldspar 
grains, but this does not take into consideration the composition of the rock fragments.  
Harker variation diagrams for the Ahuriri River samples show negative 
correlations between SiO2 versus Al2O3, TiO2, FeOtotal, MgO and CaO (Figure 5.6). The 
abundance of SiO2 increases downstream, indicating removal of other detrital minerals 
with continual downstream mechanical and/or chemical erosion. As it is the case for the
Figure 5.5 Downstream behaviour of major elements in samples from the Haast River. No actual scale. Samples AH-18  and AH-22 correspond to a heavy mineral placer deposit and a beach deposit respectively.
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Figure 5.6 Harker variation diagrams for the Ahuriri River sample suite. An increase in SiO2 
suggests increased mineralogical maturity. Importance of symbol size is explained in Figure 
5.3. 
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Haast River samples, linear trends with no downstream evolution could be a product of 
mixing.  
The average CIA value for the Ahuriri River suite is 55.4, which suggests low 
degrees of chemical weathering of the source rock. The CIA diagram illustrates no trend 
in the evolution of chemical weathering downstream (Figure 5.4b) although the sample 
with the highest value is AAW-26, which is the last sample before the lake system 
(furthest from the source).  
The major element data show no strong correlation with distance from the source 
(Figure 5.7), but groups of elements with similar downstream behaviours include Al2O3, 
K2O and MgO; CaO and TiO2; and MnO, P2O5 and Fe2O3 (Figure 5.7). Some samples 
exhibit enrichments in certain major oxides, including MnO for samples AAW-8 and 
AAW-16, P2O5 for sample AAW-20, and CaO for sample AAW-6. Unfortunately, the 
peaks do not match abundances of heavy minerals for which a peak would be expected 
(e.g. enriched P2O5 in the presence of apatite).  
 
5.3 Trace Elements 
5.3.1 Haast River System 
The trace element patterns in the Haast River display 1) similar enrichments in all 
traces except Rb and Cs in sample AH-18 (heavy mineral placer) and 2) a decrease in all 
trace elements for samples AH-2 (close to the source) and AH-22 (beach, except for Nb) 
(Figure 5.8). Additional samples displaying enrichments in certain trace elements include 
AH-8 (Nb, Sr, Ta and Y) and AH-12 (all elements). Groups of trace elements with similar 
downstream behaviour include Nb, Sr, Ta, Th, U and Y; Hf and Zr; and Cs and Rb. 
Element enrichments do not appear to correlate with expected abundances of specific 
Figure 5.7 Downstream behaviour of major elements in samples from the Ahuriri River. No actual scale. The pie diagram for sample AAW-1* (source rock) represents the heavy mineral fraction without oxides.
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Figure 5.8 Downstream behaviour of trace elements in samples from the Haast River. No actual scale.  The pie diagram for sample AH-1* (source rock) represents the heavy mineral fraction without sulfides. 
Samples AH-18  and AH-22 correspond to a heavy mineral placer deposit and a beach deposit, respectively.
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heavy minerals (e.g. increased Zr with zircon), with the exception of sample AH-18 
collected from a heavy mineral horizon, leading to a bulk sample containing relatively 
abundant heavy minerals. 
 
5.3.2 Ahuriri River System 
The trace element patterns for samples from the Ahuriri River display 1) 
abundances of all elements in samples AAW-1 (source rock) with the exception of Hf and 
Sr, and AAW-26 (sample near the lake), and 2) generally flat trace element patterns with 
minor peaks (Figure 5.9). Some samples display enrichments in certain trace elements 
including Hf, Sr, Th, U, Y and Zr in AAW-10; Cs, Nb, Ta, U and Y in AAW-12, Nb, Sr, 
Ta, Th and Y in AAW-16; and Cs, Hf, Rb, and Zr in AAW-18. The following groups of 
trace elements exhibit similar behaviours downstream: Nb, Sr (with the exception of 
AAW-16), Ta, Th, U and Y; Hf and Zr; and Cs and Rb. Oddly, there are no correlations 
between heavy mineral abundances and trace element enrichments.  
 
5.4 Rare Earth Elements 
5.4.1 Haast River System 
The REE profiles for the Haast River samples exhibit relatively flat patterns with 
Lan/Ybn ratios close to 1 (Figure 5.10). Most of the samples display a positive Eu 
anomaly, which is normal for modern river sediments in which feldspar is a common 
detrital grain (e.g. Goa and Wedepohl 1995; Igarashi et al. 2007). Most of the samples 
display slight Dy and Tm positive anomalies and Ce and Ho negative anomalies, 
indicating that composition remains consistent downstream regardless of the presence of 
tributaries. Sample AH-18 (heavy mineral horizon) displays higher values for all the
Figure 5.9 Downstream behaviour of trace elements in samples from the Ahuriri River. No actual scale.  The pie diagram for sample AAW-1* (source rock) represents the heavy mineral fraction without oxides.
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Figure 5.10 Rare earth element diagram of the Haast River samples. The legend goes from the source (AH-1) to the most distal sample (AH-22). 
Normalizing values from Taylor and McLennan (1985). PAAS - Post-Archean Australian Shale. 
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REE, but follows the same pattern. Sample AH-22 appears to be more depleted in the 
middle REE compared to the other samples, whereas sample AH-2 is the most depleted in 
the REE.  
Data determined from a sample collected from a Haast River bar for another study 
(Corcoran and Aubin, under revision) is presented in Figure 5.11. Bulk, light and heavy 
mineral fractions were analyzed to show the degree to which heavy minerals affect the 
REE composition of sediment. The values of each REE in the HM and LM fractions were 
multiplied by their total percentage in the bulk sample and then plotted. This provides a 
more accurate representation of the influence of the heavy mineral suite on bulk 
composition. The results illustrate that the heavy mineral fraction contains significantly 
more REE than the light mineral fraction.  
 
5.4.2 Ahuriri River System 
Figure 5.12 illustrates the REE results for the Ahuriri River samples. All samples 
exhibit a slight depletion in the HREE except AAW-1 and AAW-26, which have Lan/Ybn 
ratios close to 1. All of the samples display slight Ce, Nd and Er negative anomalies with 
minor Dy and Tm positive anomalies, indicating consistent composition along the length 
of the river. Samples AAW-1 and AAW-26 display the highest REE abundances overall. 
 
5.5 Comparison of the Two River Systems 
Classification of the samples using major element data produced similar results for 
both river systems, with all samples plotting as greywackes and/or litharenites. In terms 
of provenance, the Ahuriri River samples fall well within the felsic igneous field, whereas 
the Haast River samples are spread across the boundary between the intermediate igneous
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Figure 5.11 Rare earth element diagram of a Haast River bar sample. All three patterns are similar, with the heavy mineral fraction 
having 10x the REE content of the light mineral fraction. HM = heavy minerals, LM = light minerals. Normalizing values of Taylor 
and McLennan (1985).
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Figure 5.12 Rare earth element diagram of the Ahuriri River samples. The legend goes from the source (AAW-1) to the most distal sample 
(AAW-26). Values were normalized to PAAS (Post-Archean Australian Shale) from Taylor and McLennan (1985). 
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and felsic igneous fields. Overall, the results are commensurate with the tectonic setting 
of New Zealand at the time of deposition of the source rocks. A felsic to intermediate 
provenance reflects active tectonism in a subduction zone setting. The Harker diagrams 
show negative correlations between SiO2 and the other major oxides, and some of the 
trends correspond to a downstream evolution of the samples. Both river systems have 
average CIA values suggestive of low degrees of chemical weathering (55.9 and 55.4). 
The similarity of CIA values indicates that the temperate climate in the region does not 
promote intense chemical weathering. Downstream behaviour of major elements in both 
river systems did not reveal any trends, but several associations (groupings of elements) 
were observed. The nature of the grouped elements is different between the two rivers.  
No direct relationship is observed between the behaviour of the trace elements and 
distance downstream, but groups of elements plot similarly as a result of their ionic 
charge and size. For example, Nb and Ta behave similarly and are together in certain 
minerals because they are both high field strength elements with ionic charges of +5. The 
elements Cs and Rb display similar behaviour because they are both large ion lithophile 
elements (large ionic radius) and therefore tend to occur in the same minerals. The 
presence of particular mineral phases is the main factor controlling the abundance of 
these elements in the samples. The REE results show similar patterns for both rivers, with 
slight depletions in the HREE, which could be explained by the ubiquitous presence of 
the heavy mineral garnet (e.g. Green et al. 2000; Gill 2010) derived from the 
metamorphosed source rocks. The samples from both river systems have compositions 
similar to PAAS (close to 1).  
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CHAPTER 6 
 
SURFACE TEXTURES 
 
6.1 Introduction 
Four heavy mineral species were chosen in order to conduct surface textural 
analysis: garnet, zircon, titanite and tourmaline. These minerals were selected because 
they: 1) are somewhat abundant in both river systems (garnet, zircon, titanite), 2) are 
considered stable (zircon, tourmaline), 3) tend to remain euhedral (garnet, zircon, 
tourmaline), 4) do not split or cleave under mechanical weathering conditions (garnet, 
zircon, titanite, tourmaline), and 5) are easy to identify under the stereoscopic microscope 
(garnet, zircon, titanite, tourmaline). 
Each selected mineral grain (Table 3.4) was photographed and studied in order to 
attribute a roundness and etching value (Appendix 2 and 3). These values were then 
compiled and statistics were analyzed for each sample and for each river, in order to 
determine the evolution of roundness and etching downstream, and locally at depth. 
In the Ahuriri-Waitaki River system, only the Ahuriri River portion was studied 
for surface textural analysis, because as was shown in Chapter 4, the Waitaki River is 
characterized by a different suite of heavy minerals, leading to the conclusion that the 
dam and lake system acts as a barrier, or “reset button”, for the sedimentary system.  
 
6.2 Garnet (Ca,Fe,Mg,Mn)3(Al,Cr,Fe)2(SiO4)3 
 Garnet is an isometric-hexoctahedral nesosilicate with a hardness between 6 and 
7.5 and has no cleavage (Deer et al. 1992; Klein and Hurlbut Jr. 1993). Its colour varies 
with composition, with the most common being red, then brown, yellow, black green and 
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white (Deer et al. 1992; Klein and Hurlbut Jr. 1993). Although not ultrastable in 
sedimentary environments (Hubert 1962), garnet is often studied due to its common 
etching (e.g. Raeside 1959; Borg 1986). It is also often used in provenance and 
weathering studies (e.g. Faupl et al. 2007; Velbel et al. 2007). 
Garnet grains in the present study are generally clear pink, with rare orange and 
clear yellow varieties. The grains are predominantly euhedral with good sphericity. The 
surfaces of the grains are generally clean and several grains were broken. Rounding was 
quantified by examining the ridges and corners of the grains (plane intersections). An 
example of each level of roundness is illustrated in Figure 6.1. A roundness level of 1 
(Figure 6.1a) represents a grain that is poorly rounded, whereas a roundness level of 5 
(Figure 6.1e) represents a grain that is well rounded. Almost all studied samples 
contained more than two to three different roundness levels. 
 Etching was quantified by examining the width, depth and abundance of etch pits 
and etched edges on the grains. An example for each level of etching is illustrated in 
Figure 6.2. An etching level of 1 (Figure 6.2a) represents a grain that contains no to very 
minimal etching, whereas an etching level of 5 (Figure 6.2e) represents a grain on which 
the surface is either covered with etching features or contains several deep etch pits. 
Almost all studied samples contained more than two to three different levels of etching. 
The most common etching patterns observed in garnet grains were saw tooth patterns 
(Figure 6.3a), single euhedral etch pits (Figure 6.3b), “flaking” or weathering of the 
original surface leaving an etched crystalline pattern (Figure 6.3c), and clusters of 
euhedral and anhedral etch pits (Figure 6.3d). 
 The roundness and etching of garnet grains in both river systems (Figure 6.4) 
appears to diminish downstream, with odd-numbered samples creating saw tooth patterns 
Figure 6.1 Photomicrographs of examples of roundness for garnet grains from 1 (A) to 5(E). 
R=roundness, E=etching. Grain number appears in the lower right.
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Figure 6.2 Photomicrographs of examples of etching for garnet grains from 1 (A) to 5 (E). 
R=roundness, E=etching. Grain number appears in the lower right.
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Figure 6.3 Scanning electron microscope (SEM) images of etching features of select garnet grains. 
A) saw tooth edges resulting from the weathering of the grain surface. The edges correspond to the 
crystal system of the garnet (grain AH-8-Gt.14) B) funnel-shaped euhedral etch pit (grain 
AH-14-Gt.1) C) “flaking” of the grain surface leaving etched crystalline patterns (grain 
AH-26-Gt.5) D) cluster of etch pits on grain AH-26-Gt.9.
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Figure 6.4 Comparative plot of garnet roundness (A) and etching (B) downstream for the Haast 
and Ahuriri rivers. The Landsborough River is a tributary of the Haast River system. The error for 
each data point is +/- 1. The * indicates a sample for which the average value was obtained using 
fewer than 10 grains.
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on the graph. The roundness of the Landsborough River samples generally falls within the 
values of the Haast River, whereas the etching values are higher in the Landsborough 
River than in the Haast. The Ahuriri-Waitaki River system contains garnets with more 
elevated values of roundness and etching than in the Haast River system. The relative 
abundance of grains with values of “5” and “4 or 5” was also plotted and the results were 
similar to the trends observed using the average value, with enhanced peaks and valleys. 
These plots can be found in Appendices 4 and 5. 
 
6.3 Zircon ZrSiO4 
Zircon, a nesosilicate with a tetragonal crystal system, has a hardness of 7.5, 
presents poor cleavage, and is usually pink, but can range from clear to purple, and 
sometimes presents metamictization (Deer et al. 1992; Klein and Hurlbut Jr. 1993). 
Identified as a stable mineral due to its resistance to chemical and mechanical weathering, 
zircon grains do show evidence of weathering on the surface (etching and conchoidal 
fractures, e.g. Reaside 1959; Morton 1979; Moral Cardona et al. 2005). Its general 
abundance in sediments makes zircon an ideal candidate for provenance and weathering 
studies (e.g. Milliken and Mack 1990; Moral Cardona et al. 2005; Smale 2007). 
Zircon grains encountered in this study are generally colourless to clear purple, 
with rare clear pink grains. The grains are predominantly euhedral with low sphericity. 
The surfaces of the grains are generally clean and several grains were broken in half 
along the long axes. Roundness and etching of the zircon grains were quantified using the 
same methods as those used for the garnets. Examples of roundness levels and etching 
levels are provided in Figures 6.5 and 6.6. Almost all studied samples contained more 
than two to three different levels of roundness. 
Figure 6.5 Photomicrographs of examples of roundness for zircon grains from 1 (A) to 5 (E). 
R=roundness, E=etching. Grain number appears in the lower right.
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Figure 6.6 Photomicrographs of examples of etching for zircon grains from 1 (A) to 5 (E). 
R=roundness, E=etching. Grain number appears in the lower right.
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The most common etching patterns observed in zircon grains were saw tooth 
patterns (Figure 6.7a), rounded etch pits (Figure 6.7b), “flaking” or weathering of the 
original surface leaving conchoidal patterns (Figure 6.7c), and clusters of anhedral etch 
pits (Figure 6.7d).  
Downstream, roundness remains the same or slightly increases, whereas the level 
of etching appears to decrease, with odd-numbered samples creating saw tooth patterns 
on the graphs (Figure 6.8). The roundness and etching values of the Landsborough River 
samples fall within those from the Haast River. The roundness values for both river 
systems are similar, but the Haast River system displays a generally higher etching level 
than the Ahuriri-Waitaki River system.  
 
6.4 Titanite CaTiSiO5 
Titanite (or sphene) is a nesosilicate crystallizing in the monoclinic system (Deer 
et al. 1992; Klein and Hurlbut Jr. 1993). It has a hardness of 7.5, has good cleavage, and 
is yellow, green, brown and red (Deer et al. 1992; Klein and Hurlbut Jr. 1993). Due to its 
average resistance to mechanical and chemical weathering (etching and fracturing, e.g. 
Turner and Morton 2007), titanite is not usually identified as a stable phase, and very few 
studies of heavy minerals are conducted on it (e.g. Rahmani 1973; Milliken and Mack 
1990). However, due to its accessibility and the low abundance of other usual stable 
heavy minerals (e.g. rutile), titanite was used in this study. 
Titanite grains are predominantly yellowish-green, with rare green grains. The 
grains are mainly anhedral and broken with good sphericity. The surfaces of the grains 
are generally clean. Examples of each level of roundness and etching are provided in
Figure 6.7 Scanning electron microscope (SEM) images of etching features of select zircon grains. 
A) saw tooth edges resulting from the weathering of the grain surface. The edges correspond to the 
crystal system of the zircon (grain AAW-14-Zr.19) B) rounded etch pits (grain AH-10-Zr.9) C) 
“flaking” of the grain surface leaving etched conchoidal patterns (grain AH-14-Zr.9) D) cluster of 
round etch pits along with “flaky’ surface (grain AH-20-Zr.18).
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Figure 6.8 Comparative plot of zircon roundness (A) and etching (B) downstream for the Haast 
and Ahuriri rivers. The error for each data point is +/- 1. The * indicates a sample for which the 
average value was obtained using fewer than 10 grains.
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Figures 6.9 and 6.10. Almost all studied samples exhibit more than two to three different 
levels of roundness. 
 The etching in titanite was primarily represented by a “pitted”, bumpy surface, in 
contrast to the more distinct etching features of the other heavy mineral species. The 
etching patterns observed included “pitted” surfaces (Figure 6.11a), jagged edges that 
follow the crystalline system (Figure 6.11b), “flaking” or weathering of the original 
surface along lattice planes (Figure 6.11c), and saw tooth patterns (Figure 6.11d). No etch 
pits were observed on titanite grains in this study. 
Downstream, both roundness and etching levels decrease slightly (Figure 6.12), 
with odd-numbered samples creating saw tooth patterns on the graphs. The roundness of 
the Landsborough River samples falls above the Haast River values, whereas etching 
values are similar to those of the Haast. Titanite grains are overall slightly more rounded 
in the Ahuriri River whereas etching in both river systems is similar.  
 
6.5 Tourmaline 
(Ca,K,Na,[])(Al,Fe,Li,Mg,Mn)3(Al,Cr,Fe,V)6(BO3)3(Si,Al,B)6O18(OH,F)4 
A cyclosilicate with a trigonal crystal system, tourmaline has a hardness of 7 and 
very poor cleavage (Deer et al. 1992; Klein and Hurlbut Jr. 1993). Tourmaline is 
commonly black to brown, with some varieties being blue, green, yellow, red or colorless 
(Deer et al. 1992). Along with zircon and rutile, tourmaline is described as one of the 
most stable minerals due to its resistance to chemical and mechanical weathering (Hubert 
1962). Tourmaline grains often contain evidence of weathering on the surface (etching 
and fracturing; e.g. Moral Cardona et al. 2005; Turner and Morton 2007). It is widely
Figure 6.9 Photomicrographs of examples of roundness for titanite grains from 1 (A) to 5 (E). 
R=roundness, E=etching. Grain number appears in the lower right.
A
E
DC
B
AAW-16-Ti.6 AAW-20-Ti.15
AAW-14-Ti.12 AAW-8-Ti.10
AAW-8-Ti.4
R=1
E=2
R=2
E=3
R=3
E=3
R=4
E=4
R=5
E=5
108
Figure 6.10 Photomicrographs of examples of etching for titanite grains from 1 (A) to 5 (E). 
R=roundness, E=etching. Grain number appears in the lower right.
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Figure 6.11 Scanning electron microscope (SEM) images of etching features of select titanite 
grains. A) typical “pitted” surface of titanite grains in this study (grain AAW-2-Ti.19) B) jagged 
edges that follow the titanite crystal system (grain AAW-4-Ti.16) C) etching resulting in “flaking” 
of the grain along cleavage planes (grain AAW-13-Ti.9) D) saw tooth edges resulting from the 
weathering of the grain surface (grain AAW-25-Ti.7).
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Figure 6.12 Comparative plot of titanite roundness (A) and etching (B) downstream for the Haast 
and Ahuriri rivers. The error for each data point is +/- 1. The * indicates a sample for which the 
average value was obtained using fewer than 10 grains.
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used in provenance and weathering studies (e.g. Setlow and Karpovich 1972; Garzanti 
and Andò 2007). 
Tourmaline grains are brown and euhedral, with low sphericity. Several grains are 
broken along their long axes and their surfaces are generally clean. Examples for each 
level of roundness and etching are illustrated in Figures 6.13 and 6.14. Almost all studied 
samples exhibit more than two to three different roundness and etching levels. 
Tourmaline is the heavy mineral that shows the least variation in roundness from levels 1 
to 5 compared with the other minerals. The most common etching patterns observed in 
tourmaline grains are elongated etch pits (Figure 6.15a), irregular, shallow etch pits 
(Figure 6.15b), clusters of deep, parallel etch pits (Figure 6.15c), and “flaking” from 
etching along lattice planes (Figure 6.15d). 
Downstream, both roundness and etching slightly increase (Figure 6.16), with 
various samples creating saw tooth patterns on the graphs. Both the roundness and 
etching of the Landsborough River sample fall slightly above the Haast River values. 
There were not enough grains available to justify a statistical study on tourmaline in the 
Ahuriri-Waitaki system.  
 
6.6 Haast River System Summary 
 Summary graphs for roundness and etching of all the studied heavy mineral 
phases in the Haast River system are presented in Figure 6.17. There are no trends or 
relationships between the different phases, either in roundness or etching, except for a 
few samples in which all the mineral phases behave similarly (Figure 6.17a). There is less 
variation in the etching values (tighter distribution) downstream. Tourmaline grains show 
overall lower roundness and etching values whereas titanite displays higher etching
Figure 6.13 Photomicrographs of examples of roundness for tourmaline grains from 1 (A) to 5 
(E). R=roundness, E=etching. Grain number appears in the lower right.
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Figure 6.14 Photomicrographs of examples of etching for tourmaline grains from 1 (A) to 5 
(E). R=roundness, E=etching. Grain number appears in the lower right.
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Plate 6.15 Scanning electron microscope (SEM) images of etching features of select tourmaline 
grains. A) typical elongated etch pits following the crystal structure (grain AH-5-T.9) B) irrregular 
etch pits (grain AH-8-T.15) C) cluster of deep parallel etch pits (grain AH-17.T.12) D) “flaking” 
effect resulting of etching along lattice planes (grain AH-24-T.4).
A
DC
B
115
Figure 6.16 Comparative plot of tourmaline roundness (A) and etching (B) downstream for the 
Haast River. Not enough grains were available for study of the Ahuriri River. The error for each 
data point is +/- 1. The * indicates a sample for which the average value was obtained using fewer 
than 10 grains.
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Figure 6.17 Roundness (A) and etching (B) downstream in the Haast River samples for garnet, 
zircon, titanite and tourmaline. The hollow symbols (AL) correspond to the Landsborough River 
samples. The error for each data point is +/- 1. The * indicates a sample for which the average 
value was obtained using fewer than 10 grains.
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values, with zircon and garnet falling in the middle. The roundness of grains in the 
sample from the Landsborough River falls within the range of the other samples for all 
the mineral phases whereas etching is higher in the Landsborough River garnet and 
tourmaline grains. Figure 6.17a illustrates a stable to slight increase in roundness values 
overall, and Figure 6.17b suggests a slight decrease in etching values downstream. 
Diagrams illustrating the relationship (or lack thereof) between roundness and etching for 
each mineral phase in each river system can be found in Appendix 6. 
 
6.7 Ahuriri River System Summary 
Summary graphs for roundness and etching of all the studied heavy mineral 
phases in the Ahuriri River system are presented in Figure 6.18. There is no clear trend or 
relationship between the behaviour of the different minerals, either in roundness or 
etching. In addition, there is less variation in the roundness and etching values (tighter 
distribution) downstream. Zircon grains are the least etched, followed by titanite and 
garnet. No mineral phase is less or more rounded than the others. Figure 6.18a suggests a 
stable to slight increase in roundness values overall, whereas Figure 6.18b displays a 
slight decrease in etching values downstream. 
 
6.8 Haast Bar 
 Surface textures were analyzed on samples from 4 stations on the Haast bar. Both 
surface and buried samples were analyzed. Figure 6.19 illustrates the variation of 
roundness and etching for garnet, zircon and tourmaline. No titanite grains were used. 
Overall, zircon displays the highest roundness values, whereas tourmaline has the lowest. 
The buried samples from 10 cm depth have generally greater rounding than the surface
Figure 6.18 Roundness (A) and etching (B) downstream in the Ahuriri River samples for garnet, 
zircon and titanite. The error for each data point is +/- 1. The * indicates a sample for which the 
average value was obtained using fewer than 10 grains.
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Figure 6.19 Roundness (A) and etching (B) across a Haast River bar profile for garnet, zircon and 
tourmaline. The solid symbols represent surface samples whereas hollow symbols represent 
samples at 10 cm depth from the same location.
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samples. The overall trend across the bar is relatively flat, showing no significant increase 
or decrease in the roundness values. 
 In terms of etching, garnet has the highest values, whereas tourmaline is the least 
etched mineral. The samples at depth generally have higher etching values than the 
surface samples. The overall trend across the bar is relatively flat, showing no significant 
increase or decrease in the etching values, except for garnet, which is more etched in the 
centre of the bar. 
 Comparative graphs display the degrees of roundness and etching for the minerals 
both at depth and at the surface (Figure 6.20). Garnet and tourmaline show greater etching 
than roundness, whereas zircon is better rounded than etched. Variations between stations 
for single minerals evolve similarly in almost all cases, where increases in etching 
correspond to augmentations in roundness, and vice-versa. However, some stations do not 
follow this trend (for example zircon in the surface sample at position 2). 
 
6.9 Comparison of the Two River Systems 
 The evolution of roundness and etching in both river systems appears to behave 
similarly. Roundness levels remain relatively flat, with a tighter distribution of roundness 
values downstream. There is a slight increase in roundness of the zircon grains 
downstream (also tourmaline in the case of the Haast River). Both river systems exhibit 
flat or slightly decreasing downstream patterns for etching in all the mineral phases. As is 
the case with roundness, a tighter distribution of etching values is observed downstream. 
All mineral phases are relatively similar in values and no one species is distinct in either 
roundness or etching in both river systems, with the exception of the etching values in the 
Ahuriri River where the three mineral species are somewhat distinctly separated (Figure
Figure 6.20  Comparative plots of roundness and etching for the different mineral phases in the 
Haast River bar profile. Note that roundness and etching behave similarly across the bar, except for 
zircon in sample location “2” and tourmaline in sample location “3”. 
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6.18b). The majority of tourmaline grains in the Haast River exhibit very little rounding 
(values of 1 to 2) when compared with the other minerals (Figure 6.17a). 
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CHAPTER 7 
 
DISCUSSION 
 
7.1 Introduction 
Sediment composition is controlled by a number of factors, including tectonic 
setting and relief (e.g. Dickinson 1988; Johnsson and Stallard 1989; Busby et al. 2005), 
provenance (e.g. Basu 1976; Mack 1981; Nesbitt et al. 1996; Youngson and Craw 1996), 
recycling (e.g. Cox et al. 1995; Youngson and Craw 1996; Corcoran 2005), transport and 
depositional setting (e.g. Kairo et al. 1993; Nesbitt and Young 1996; McBride et al. 
1997), chemical weathering (e.g. Franzinelli and Potter 1983; Nesbitt and Young 1982; 
Corcoran et al. 1998; Corcoran 2005), and diagenesis (e.g. McBride 1987; Cox et al. 
2002) (Figure 7.1). Each factor leaves a distinct fingerprint on a sedimentary succession, 
and is considered in the discussion below with respect to the composition and textures of 
sediments of the Haast and Ahuriri river deposits. 
 
7.2 Tectonic Setting, Provenance and Recycling  
 Tectonic setting plays a crucial role in determining heavy mineral suites due to the 
nature of the rocks that form in different plate tectonic settings (e.g. Marsaglia 1993; 
Ridgway and DeCelles 1993; Garzanti and Andò 2007). Heavy minerals are therefore 
highly useful in tectonic reconstructions (e.g. Schneiderman and Chen 2007; Markevich 
et al. 2007). Tectonic environment also controls the degree of recycling at play, with high 
relief orogenic environments, such as the Southern Alps, being more prone to recycling of 
sediments since most of the rocks in that area are metasedimentary (MacKinnon 1983). In 
the present study, tectonic setting plays a role at 2 different geologic times: 1) in the pre-
Tectonic Setting
Climate
Transport
Weathering and
Potential
Recycling
Diagenesis
Provenance
Influence of
Climate on Transport
Chemical Weathering
Figure 7.1 Sketch representing the different factors controlling the composition of sediments.
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Southern Alps (Permian to Jurassic), tectonic setting of the volcano-sedimentary arc-
related Caples terrane was responsible for more mafic-dominated successions 
(MacKinnon 1983), as evidenced by the greater abundance of mafic minerals in the Haast 
River heavy mineral suite. In contrast, the mainly passive margin-controlled Torlesse 
terrane is felsic-dominated, as indicated by a predominance of felsic minerals in the 
Ahuriri heavy mineral suite (Bishop et al. 1985). 2) The modern tectonic setting of the 
Southern Alps involves a transform fault/subduction zone, which created high relief 
mountains composed of metasedimentary rock (Norris et al. 1990). Figure 2.9 illustrates 
the relief of the Haast and Ahuriri rivers, which are both characterized by high gradients 
near their sources, which decrease rapidly downstream. This type of environment results 
in elevated mechanical erosion rates, with constant input of new material. 
 Previous studies have mainly used heavy minerals for provenance investigations 
(e.g. Briggs 1965; Maher et al. 2009). The provenance of a sedimentary deposit refers to 
its lithological origin, which includes source composition, and distance and direction 
from the source. By studying the nature and abundance of heavy mineral species in a 
sedimentary deposit, determination of the source rock environment is often possible (e.g. 
Devaney and Ingersoll 1993; Smale 2007).  
 Evaluation of the mineralogy and geochemistry of the source rocks and river 
sediments in the study areas indicates specific provenances. Although both source rocks 
were identified as greywackes, their mineral assemblages differ, with the Haast Schist 
sample containing a greater proportion of mafic minerals. Similarly, the river sediments 
plotted as litharenites, but the overall grain populations differ between the two rivers. 
Geochemically, the samples plot in the greywacke-litharenite fields based on the 
abundance of Al2O3 relative to SiO2, and Na2O relative to K2O (Figure 5.1). Thus, the 
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composition of the river sediments appears to mimic the composition of the inferred 
source rocks based on major element and point counting data. In terms of tectonic setting, 
the Haast River samples fall within the recycled orogenic provenance, which represents 
uplifted sedimentary and metasedimentary terranes, whereas the Ahuriri River samples 
fall within the undissected arc field, indicating inheritance or recycling of arc sources 
(Dickinson et al. 1983). The latter is in accordance with the tectonic setting of the rocks 
comprising the source Torlesse terrane, which was mainly deposited in trench or 
borderland basins along a volcano-plutonic arc. The one sample from the Landsborough 
River, which flows into the Haast, falls within the undissected arc field, possibly 
indicating that the sediment was derived from a different source terrane than that of the 
Haast, and possibly the same source terrane as that of the Ahuriri. The geochemical 
provenance diagrams (Figure 5.2) display an igneous intermediate provenance for the 
Haast and a felsic igneous provenance for the Ahuriri, which is in accordance with the 
tectonic settings of each area.  
 Trace and rare earth element diagrams highlight compositional differences 
between the source rocks and the sediment samples (Figures 5.5. to 5.12), which is 
expected due to the fact that the sediment is a weathered (chemical and mechanical) 
product of the source rock. Sample AAW-26, which was collected from near the dam at 
the bottom of a cliff, is geochemically similar to sample AAW-1 (source rock). This can 
be explained by the proximity of a schist outcrop to the lake and therefore, the sediment 
was possibly eroded from the local source rather than transported from far upstream. 
Grain textures indicate that recycling occurred prior to lithification of the source rock. 
Sediments sampled from close to the source rock and at the start of the rivers contain 
heavy minerals that are well rounded, which would have been impossible to form in first-
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cycle sediments given the short distance of transport. Analysis of the source rocks also 
revealed the presence of rounded grains. Similarly, the degree of surface etching of a 
large number of heavy mineral grains appears to be independent of their location along 
the river systems. The distance of transport and suspected time of residence of sediment 
in each system are illustrated in Figures 7.2 and 7.3. Based on bar and channel 
morphology, residence times are estimated at a few weeks to a few months and < 10 years 
for the Haast and Ahuriri rivers, respectively, which are too short to explain intense 
etching of these grains.  
 The fact that only minor, subtle trends can be identified in the evolution of 
roundness and etching of heavy minerals downstream in both river systems is probably a 
reflection of the heterogeneity of the textures of the heavy minerals in the source rocks, as 
well as input of new material throughout the river systems (e.g. Tejan-Kella et al. 1991b; 
Morton and Hallsworth 1994).  It is suspected that the studied river systems are neither 
long nor stable enough to allow for evolution of clear trends in the data. The fact that the 
rivers are not closed systems is probably the main factor inhibiting the development of 
clear downstream trends (e.g. Riezebos 1979). 
 The Landsborough River samples, which were expected to exhibit similar 
roundness and etching characteristics to the Haast River samples, produced values that 
are slightly higher. This could imply a longer weathering history or a different source 
rock, commensurate with the discrepancy in the tectonic discrimination diagram 
indicating that the Landsborough samples were not derived from the same source terrane 
as the Haast samples. This is confirmed by looking at Figure 2.7, where the source rocks 
at the head of the Landsborough River are of Torlesse affinity. 
Figure 7.2 Satellite image (Google Earth) showing the differences in channel and bar 
morphology in one section of the Haast River between 2006 and 2010. Several bars and 
channels have changed shape and vegetation has appeared on some bars. These 
cobble-dominated bars change rapidly, and the time of residence of the heavy mineral grains is 
estimated to be in the order of a few weeks to a few months based on these images and field 
observations. 
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Figure 7.3 Satellite image (Google Earth) showing the similarities in channel and bar 
morphology in one section of the Ahuriri River between 2006 and 2010. Very few bars and 
channels are different. These sand-dominated bars change slowly, and the time of residence of 
the heavy mineral grains is estimated to be on the order of a few years based on these images and 
field observations. 
130
2006
2010
1 km
1 km
N
N
 131
7.3 Climate and Chemical Weathering  
 The degree of chemical weathering is directly proportional to the humidity (heat 
and moisture) of a region (Lerner and Lerner 2003a). Moist environments have higher 
availability of water, which acts as a solution reacting with the rocks and minerals. Higher 
temperatures are more favourable for chemical dissolution of mineral phases (accelerating 
the chemical reactions) (e.g. Lerner and Lerner 2003b), whereas dry air is more 
favourable for oxidation (oxygen reacting with the mineral phases) (Winchell 1946). 
Chemical weathering significantly impacts the composition and textures of heavy 
minerals, as stable and ultrastable grains will dominate the mineralogy under humid 
climatic conditions (e.g. Morton and Johnsson 1993; Velbel 2007; Ohta 2008). Both the 
source rock (e.g. Selvaraj and Chen 2006), and the sediment (e.g. Qin et al. 2006) can be 
affected by chemical weathering. Stagnating fluid has a greater power of chemical 
weathering than moving fluid, because sufficient time is required for mineral dissolution 
(e.g. Hall and Michaud 1988). Therefore, sediments with high residence times will be 
more susceptible to chemical weathering than those forming parts of more dynamic 
systems.  
Climate also plays a role with respect to mechanical weathering of the source 
rocks. Rocks located in environments experiencing abundant rainfall are more susceptible 
to weathering and erosion by flowing waterfalls and streams. In ice- or snow-covered 
locations, mechanical weathering is important due to the action of frost heaving, which 
breaks rocks apart (Michaud and Dyke 1990). Similarly, the presence of high winds 
containing airborne particles can cause abrasion of rocks, similar to sandblasting 
(Surhone et al. 2010). 
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 The effect of relative humidity on the Haast and Ahuriri river sediments is 
illustrated on the Folk et al. (1970) and Dickinson et al. (1983) diagrams (Figure 4.11) 
and by modifying the fields after Suttner et al. (1981) and Suttner and Dutta (1986), as 
illustrated in Figure 7.4. Although this diagram was developed for ancient rock systems, it 
appears to be applicable in this study, in that the results correspond to field observations. 
The Haast samples plot closer to the humid field than the Ahuriri-Waitaki samples, which 
is in accordance with meteorological data and field observations. Moreover, the diagram 
illustrates a downstream evolution towards a more humid climate for the Haast River, but 
is only speculative for the Ahuriri-Waitaki River. This diagram also illustrates that 
humidity decreases rock fragment content because elevated chemical weathering in 
humid climates promotes breakdown of less resistant minerals within the fragments. 
Although the Haast River flows through a high humidity region, the air temperature is not 
high, which may explain why the samples do not plot within the humid fields. 
 Based on the knowledge that the Haast River is located in a wetter region than the 
Ahuriri River (Figure 7.5), it was assumed that the effects of chemical weathering would 
be more pronounced in the Haast River sediments. However, later consideration was 
given to the fact that the time of residence on the bars of the Ahuriri River was 
significantly longer than on the Haast River bars. The differences in rainfall could explain 
the variances in composition of the samples when considering the light fraction point 
counts, which indicate a higher abundance of rock fragments in the Ahuriri River (Figure 
4.11). Higher water volume and flow rates in the Haast River lead to increased 
mechanical weathering and liberation of individual grains within lithic fragments. 
 The results of the ZTR index calculations illustrate a trend towards a more stable 
heavy mineral assemblage downstream with a high bar to bar variation (Figure 4.13).
Figure 7.4 QFR (quartz-feldspar-rock fragments) ternary diagram illustrating the composition 
of select sediment samples (after Folk et al. 1970) along with different climatic fields based on 
rock type and humidity (after Suttner et al. 1981 and Suttner and Dutta 1986).
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Figure 7.5 A) Typical scenery along the Haast River characterized by high moisture levels 
and rain forest type vegetation. B) Typical scenery along the Ahuriri River characterized by 
dry air, short and dry vegetation and very few trees.
A
B
134
 135
Downstream variations may be the results of tributary supply (e.g. Riezebos 1979). In 
order to determine if both chemical and mechanical weathering occurred, an analysis of 
quartz/feldspar ratios was conducted (Figure 4.10). The results suggest that chemical 
weathering took place, as indicated by a gradual diminution of feldspar downstream in 
both river systems, as suggested by Nesbitt et al. (1997). The ZTR values for the bar 
profile at depth and surface (Figure 4.15) show a tendency for the deeper samples to 
produce higher ZTR values, corresponding to a more stable assemblage. This may be the 
result of a longer residence time in water-laden sand, leading to increasing dissolution of 
the labile grains. This would also imply that chemical weathering is occurring within the 
bars rather than subaerially. 
 The chemical index of alteration (CIA) values for sediment from the two river 
systems are relatively low and show little difference (Figure 5.4), and are in accordance 
with results previously obtained by Kautz and Martin (2007). The absence of a chemical 
weathering trend for river sands from the wetter Haast River region could be the result of 
rapidly changing relief, short river system, or compositional variability of the material 
being incorporated into the river system (mixing). This implies that precipitation rate has 
very little control on the weathering intensity of fluvial sediments, which was also 
observed by Kautz and Martin (2007). This conclusion can also be drawn by examining 
the Harker diagrams, which did not display clear downstream trends in major elements 
(Figures 5.3 and 5.6), but is suggestive of a mixing component. Downstream etching 
values for both rivers did not exhibit clear trends, which is probably a function of 
different degrees of etching in the recycled source rock and the new material being fed 
into the rivers.  
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7.4 Transport and Depositional Environment  
 Transport and depositional environment play a key role in the nature and 
characteristics of heavy mineral suites (Kairo et al. 1993; Weissbrod and Bogoch 2007). 
Beaches will tend to have different grain compositions than rivers, as shown in this study 
(Figure 4.12 – heavy mineral concentration on the beach), and mineral suites in marine 
settings will differ from those of continental settings. The sampling parameters, such as 
grain size and depositional feature, play a critical role in studies of this nature. 
 This study focused on the very fine sand grade because heavy minerals are 
particularly abundant in grain size fractions ranging from 63-125 m (e.g. Tejan-Kella et 
al. 1991a; Morton and Johnsson 1993; Bouch et al. 2002). Such material is generally 
found either on the tops or along the sides of bars. It was especially difficult in the Haast 
River to find concentrations of the targeted material due to the high energy of the river, 
which predominantly creates cobble grade bars.  
 The Haast and Ahuriri river systems are both in part braided, but the method of 
transport of material from the source rocks to the rivers differs. Near the source of the 
rivers, abundant waterfalls cascade from the cliffs, bringing fresh material to the river 
banks (Figure 7.6). Several scarps (Figure 7.7a) were observed along the Haast River, 
which transport large amounts of weathered debris during catastrophic events. In contrast, 
alluvial fans are common features along the margins of the Ahuriri River (Figure 7.7b) 
for most of its length. These alluvial fans continually deposit new, variably weathered 
material into the river and are often associated with mountain streams (Figure 7.8a). All 
of the geomorphic features “contaminate” the heavy mineral suite originating from the 
source rock, wherein the new material has a different composition from the source
Figure 7.6 Waterfalls are typical along the first few kilometers of the Haast (A) and Ahuriri 
(B) rivers. These waterfalls transport weathered material into the rivers.
A
B
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Figure 7.7 A) Scarp along the Haast River. Features such as these rapidly deposit large 
quantities of weathered material into the rivers. B) Alluvial fan, typical of the ones found 
along the Ahuriri River. These fans continuously shed new material into the rivers.
A
B
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Figure 7.8 A) Mountain stream terminating into a small alluvial fan shedding into the 
Ahuriri. Several of these mountain streams were observed along both rivers. B) Polymictic 
conglomerate boulder observed on the riverbank of the Ahuriri River. Marker is 14 cm.
A
B
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terrane. This is similar to the presence of tributaries, which transport material derived 
from varying sources. Therefore, heavy mineral investigations can become quite 
complex. 
 Conglomerate boulders were observed along some riverbanks (Figure 7.8b). 
Weathering of the boulders results in liberation of new heavy mineral assemblages, 
possibly diluting once again the original signature of the source. Moreover, erosion of 
Tertiary and Quaternary deposits occurs along the Ahuriri River (Figure 7.9a), which 
results in reworking, thus adding an additional cycle of sedimentation. 
Despite being a major tributary of the Haast River, the heavy mineral signature 
from the Landsborough River disappears once it merges with the Haast River (Figure 
4.12; Map 1). This can be explained by the different nature of the flows in the rivers, with 
the Landsborough flow being mainly controlled by snow and ice melt, and the Haast flow 
being mainly controlled by rain and storm events (Horn 1987). This could result in a 
different sediment signature in the Haast River for different sampling periods. The 
sediment load would be more characteristic of the Landsborough River during the spring 
melt and be more characteristic of the Haast River following heavy rainfall. The fact that 
the samples in this study were collected during and after a period of heavy rain explains 
the dominance of the Haast signature. 
 The presence of vegetation in river systems affects the chemistry of the 
environment, especially the nature of the water (e.g. Cronan et al 1987; Watson et al. 
2010). Organic acids enhance chemical weathering by etching rock and mineral grains 
(Huang and Keller 1972; Drever and Stillings 1997). In this study, it is suspected that 
organic acids did not play a role in the Haast system due to the lack of vegetation on the 
bars and clear water (absence of tannins hints to low organic content)(e.g. Suberkropp
Figure 7.9 A) Quaternary and Ternary deposits being eroded by the Ahuriri River. B) 
Benmore Dam at the head of the Waitaki River.
A
B
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2001). In the Ahuriri River, several bars were vegetated (trees, shrubs, grass) and it is 
suspected that organic acids may play a role in chemical weathering within this river 
system. However, the clear water in the Ahuriri River also points to a low organic 
content. 
Anthropogenic factors also played a role in this study. Several sample sites along 
the Ahuriri River were grazing and reproductive grounds for sheep, resulting in the 
presence of animal feces on the riverbanks and in the river. This was readily observed and 
smelled during sampling. Some sampling sites were also located in what appeared to be 
crop fields, which may contain fertilizers. Both fecal matter and fertilizer can 
significantly change the chemistry of water, and in turn affect the composition of the 
sediment by accelerating chemical weathering (Pierson-Wickmann et al. 2009). An 
additional anthropogenic factor is the presence of the Benmore Dam (Figure 7.9b) at the 
head of the Waitaki River. As indicated from the results of the heavy mineral point counts 
and ZTR index calculations (Figures 4.13 and 4.14), the dam and series of lakes act as 
barriers for the sedimentary system, which gets “reset” on the other side of the dam. This 
is the main reason why emphasis has been placed on the Ahuriri segment of the river 
system, rather than the Waitaki.  
  
7.5 Diagenesis  
Diagenesis affects the composition and textures of minerals following deposition 
but prior to lithification. Burial diagenesis has been shown to affect composition (e.g. 
Bateman and Catt 2007) by modifying heavy mineral assemblages as well as surface 
textures due to partial dissolution of specific minerals (Morton and Hallsworth 2007; 
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Weibel and Friis 2007; Milliken, 2007). Diagenesis can also create overgrowths of 
minerals (e.g. Hay and Dempster 2009).  
In the present study, diagenesis of the source rocks is impossible to quantify and 
its effects can only be inferred. Later metamorphism, uplifting and weathering of the 
rocks may have removed the effects of diagenesis on the studied minerals in the 
provenance area. In addition, diagenesis does not affect the surface samples, as chemical 
weathering is the process occurring during subaerial exposure. The one area in which 
diagenesis may have occurred is in the Haast bar. The bar profile (Figure 6.19) reveals 
that most of the minerals located at depth have higher etching and roundness values than 
minerals at the surface, which supports modification of the original textures.  
  
7.6 Future Work 
 The above discussion highlights numerous factors that control the composition 
and textures of heavy minerals in sedimentary systems. It is clear that in the present 
study, several factors made it impossible to directly compare the two river systems and to 
draw clear conclusions. However, this study identified several issues that could be 
avoided in future investigations, permitting a more accurate comparison of heavy mineral 
types and distributions in rivers from different climatic regimes.  
 The first aspect to consider is source rock composition. Although the Caples and 
Torlesse terranes are both composed of greywacke schist, the Caples, through which the 
Haast River flows is more mafic than the Torlesse, through which the Ahuriri River 
flows. This implies different availability of heavy mineral types from the outset. In 
addition, both source terranes are composed of recycled sedimentary deposits, and 
therefore some heavy minerals may have undergone multiple sedimentary cycles, 
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whereas others may have experienced only two. Depending on the sedimentary history of 
the grains, this would have lead to a wide variety of roundness and etching values for the 
same mineral. In order to avoid variations in the source and recycling episodes, future 
heavy mineral investigations of river systems should have a homogenous, relatively fine-
grained igneous source rock. This would provide a heavy mineral suite containing non-
rounded and unetched minerals. The igneous body would have to be large enough to act 
as a source for several (minimum 2) river systems. It would also have to contain sufficient 
stable heavy minerals for the study.  
 The second aspect to consider is climate and chemical weathering. The ideal 
source rock should be located in an environment where mechanical and chemical 
weathering occur at the source and within the basin. The ideal fluvial system would be 
braided, as it contains ample sand rather than elevated fines, as is common in meandering 
systems. The river systems being compared should flow through different climatic 
environments and be of comparable length, as was the case with this study.  
 The third aspect to consider when comparing heavy mineral suites from different 
rivers is transport distance. The available material in the rivers differed greatly between 
the Haast (mainly cobbles) and the Ahuriri (mainly sand) as a result of the degree of 
mechanical weathering, which is a direct function of rainfall. This made sampling of the 
targeted material (very fine sand) quite challenging in the Haast River. Several scarps, 
alluvial fans, tributaries and Quaternary deposits present along the rivers “dilutes” the 
heavy mineral signature of the source rock by adding new and old (recycled) material to 
the depositional environment. This input of weathered material is problematic because 
even if the mineral suite is the same as the original source rock, the recently deposited 
material might show minimal etching. Tributaries could transport material from a source 
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that is located a significant distance away. The number and length of tributaries increases 
the potential for heterogeneity of the heavy mineral suite, which may have occurred in 
this study. In order to determine the effects of tributaries on the heavy mineral 
composition, multiple samples from the tributaries and their source terranes would be 
required. Overall river length and gradient could play an important role in studies of this 
type. The Haast and Ahuriri rivers may be too short to have allowed for the heavy mineral 
suite to evolve. In an ideal scenario, the rivers should be relatively closed systems several 
hundreds of kilometres long.  
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CHAPTER 8 
 
CONCLUSIONS 
 
 This thesis presents the textural, mineralogical and geochemical analysis of heavy 
mineral suites from the Haast and Ahuriri rivers on the South Island of New Zealand. The 
data were used to attempt to illustrate the effects of climate, tectonic setting, source 
composition, recycling, transport and diagenesis on heavy mineral characteristics. Certain 
extenuating factors created ambiguous results and must be avoided in future studies of 
this nature.  
 
Effects of Climate 
 The high rainfall in the Haast River region and drier conditions in the Ahuriri 
River area revealed an evolution toward more stable heavy mineral assemblages 
downstream, as indicated by the ZTR indices as determined from point counts. The 
results of the ZTR index, which is a measure of the degree of weathering (chemical and 
mechanical) in a sedimentary system, suggest that climate may have played a role in 
heavy mineral composition in both study areas. 
 Calculations of the quartz/feldspar ratios from the light mineral fractions support 
the possibility of chemical weathering in both river systems, with a greater abundance of 
stable quartz downstream compared with labile feldspar. This quartz enrichment could 
also be attributed to increased mechanical weathering. 
 Major element data illustrate an increase in SiO2 with decreasing Al2O3, Fe2O3 
and MgO downstream in both river systems. This trend is often attributed to chemical 
weathering, but may also be the result of mechanical erosion. Distribution of the samples 
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along a linear trend, but without a downstream pattern suggests that mixing is taking 
place with the river systems. Trace element geochemistry did not reveal any downstream 
trends that would support chemical weathering, but highlighted compositional differences 
between the source rocks and the sediments. REE anomalies could not be correlated with 
the relative proportions of heavy minerals in the samples. 
 Chemical Index of Alteration values were close to 55 for both river systems, 
which indicates a moderate degree of chemical weathering. The CIA values do not 
indicate that more intense chemical weathering occurred in the wetter Haast system 
compared with the drier Ahuriri. 
 
Tectonic Setting and Source Composition  
 The Haast and Ahuriri samples plot in the fields of greywackes/litharenites on the 
major element classification diagram, and as feldspathic greywackes based on point 
counts. Both compositional classifications indicate sources rich in feldspar, clay minerals 
and lithic fragments, components typically derived from a greywacke/schistose source 
(Caples and Torlesse terranes). 
 Heavy mineral suites in the Ahuriri River sediment are dominated by felsic 
minerals, consistent with the passive margin succession as the source for the Torlesse 
terrane. Heavy minerals in the Haast sediments are more mafic-dominated, reflecting the 
predominantly volcano-sedimentary arc sequence that formed the Caples terrane. 
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Recycling 
 No clear downstream trends were indicated by etching and roundness values in 
either river system. This discrepancy is probably a function of the material composing the 
source rock, which had already undergone recycling prior to lithification of the source 
terranes. Weathering and erosion of the source rock lead to additional recycling episodes, 
thereby thoroughly mixing older and newer sediment.  
 
Transport 
 The evolution toward more stable heavy mineral assemblages downstream, as 
indicated by the ZTR indices, could also be in part attributed to mechanical weathering. 
Although both rivers have high initial slopes, the gradient gradually decreases 
downstream, allowing time for sediment reworking to occur. 
 The input of recently weathered material along the river margins via mountain 
streams, alluvial fans, tributaries and landslides, would have caused elevated mixing of 
grain components, as represented by the lack of roundness and etching trends.  
 
Diagenesis 
 Etching and roundness values determined from sediments on a bar in the Haast 
River indicate that etching and rounding occur within the bar rather than subaerially. This 
is interpreted to be the result of fluid-mineral interactions, which caused dissolution of 
more labile minerals following deposition but prior to lithification. 
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APPENDIX 1 
 
GRAIN SIZE ANALYSIS DATA 
 
 
AH-4 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 33.5305 11.4382 2.92 97.08
8 22.0092 24.4512 2.442 0.62 96.45
10 22.08 24.9395 2.8595 0.73 95.72
12 22.1946 25.8499 3.6553 0.93 94.79
14 22.1956 28.0832 5.8876 1.51 93.28
16 22.0861 29.1403 7.0542 1.80 91.48
18 21.9655 33.3364 11.3709 2.91 88.57
20 22.0116 36.2635 14.2519 3.64 84.93
30 22.2019 73.9504 51.7485 13.23 71.70
35 22.1968 60.1112 37.9144 9.69 62.00
40 22.0129 65.9325 43.9196 11.23 50.77
50 21.9691 112.8522 90.8831 23.24 27.54
60 22.2361 63.2586 41.0225 10.49 17.05
70 21.9869 45.4493 23.4624 6.00 11.05
80 21.95 37.6741 15.7241 4.02 7.03
100 22.0517 30.6334 8.5817 2.19 4.84
120 22.0025 27.2279 5.2254 1.34 3.50
140 21.9814 24.5684 2.587 0.66 2.84
170 22.0231 23.7351 1.712 0.44 2.40
230 22.2428 25.2469 3.0041 0.77 1.64
270 22.2278 23.5746 1.3468 0.34 1.29
Pan 22.1061 27.1604 5.0543 1.29 0.00
      
Total   391.1455 100.00  
 
AH-8 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.7414 0.6491 0.25 99.75
8 22.0092 22.0738 0.0646 0.02 99.73
10 22.08 22.3215 0.2415 0.09 99.64
12 22.1946 22.3733 0.1787 0.07 99.57
14 22.1956 22.4245 0.2289 0.09 99.48
16 22.0861 22.3887 0.3026 0.11 99.37
18 21.9655 22.4437 0.4782 0.18 99.19
20 22.0116 22.8814 0.8698 0.33 98.86
30 22.2019 26.48 4.2781 1.62 97.24
35 22.1968 27.4001 5.2033 1.97 95.27
40 22.0129 30.1204 8.1075 3.07 92.20
50 21.9691 58.3742 36.4051 13.78 78.43
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60 22.2361 64.6599 42.4238 16.06 62.37
70 21.9869 70.5657 48.5788 18.38 43.98
80 21.95 79.5929 57.6429 21.82 22.17
100 22.0517 53.753 31.7013 12.00 10.17
120 22.0025 39.1209 17.1184 6.48 3.69
140 21.9814 27.4809 5.4995 2.08 1.61
170 22.0231 23.8723 1.8492 0.70 0.91
230 22.2428 23.7805 1.5377 0.58 0.33
270 22.2278 22.5262 0.2984 0.11 0.22
Pan 22.1061 22.6798 0.5737 0.22 0.00
      
Total   264.2311 100.00  
 
AH-9 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 23.8951 1.8028 0.45 99.55
8 22.0092 22.4896 0.4804 0.12 99.43
10 22.08 22.8098 0.7298 0.18 99.25
12 22.1946 22.8244 0.6298 0.16 99.10
14 22.1956 22.9453 0.7497 0.19 98.91
16 22.0861 22.7002 0.6141 0.15 98.76
18 21.9655 22.8382 0.8727 0.22 98.54
20 22.0116 22.8095 0.7979 0.20 98.35
30 22.2019 24.4774 2.2755 0.56 97.78
35 22.1968 24.7249 2.5281 0.63 97.16
40 22.0129 28.7013 6.6884 1.66 95.50
50 21.9691 92.6636 70.6945 17.52 77.98
60 22.2361 111.7436 89.5075 22.18 55.81
70 21.9869 95.1907 73.2038 18.14 37.67
80 21.95 84.373 62.423 15.47 22.20
100 22.0517 58.0344 35.9827 8.91 13.29
120 22.0025 45.4869 23.4844 5.82 7.47
140 21.9814 32.5864 10.605 2.63 4.84
170 22.0231 26.9436 4.9205 1.22 3.62
230 22.2428 29.0625 6.8197 1.69 1.94
270 22.2278 24.6514 2.4236 0.60 1.33
Pan 22.1061 27.4932 5.3871 1.33 0.00
      
Total   403.621 100.00  
 
AH-14 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
16 22.0861 22.9488 0.8627 0.24 99.76
18 21.9655 22.3874 0.4219 0.12 99.65
20 22.0116 23.0868 1.0752 0.30 99.35
30 22.2019 38.8993 16.6974 4.61 94.74
35 22.1968 53.7533 31.5565 8.72 86.02
40 22.0129 81.7053 59.6924 16.49 69.53
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50 21.9691 167.361 145.3919 40.16 29.38
60 22.2361 73.6989 51.4628 14.21 15.16
70 21.9869 43.7487 21.7618 6.01 9.15
80 21.95 36.1231 14.1731 3.91 5.24
100 22.0517 28.8598 6.8081 1.88 3.36
120 22.0025 26.3858 4.3833 1.21 2.15
140 21.9814 24.0833 2.1019 0.58 1.57
170 22.0231 23.3529 1.3298 0.37 1.20
230 22.2428 24.2038 1.961 0.54 0.66
270 22.2278 22.9368 0.709 0.20 0.46
Pan 22.1061 23.7821 1.676 0.46 0.00
      
Total   362.0648 100  
 
AH-19 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 27.7753 5.683 2.46 97.54
8 22.0092 23.7964 1.7872 0.77 96.77
10 22.08 24.1874 2.1074 0.91 95.86
12 22.1946 24.4961 2.3015 0.99 94.87
14 22.1956 25.603 3.4074 1.47 93.40
16 22.0861 25.7348 3.6487 1.58 91.82
18 21.9655 27.6078 5.6423 2.44 89.38
20 22.0116 28.8563 6.8447 2.96 86.42
30 22.2019 45.5062 23.3043 10.07 76.35
35 22.1968 44.1141 21.9173 9.47 66.89
40 22.0129 52.0952 30.0823 13.00 53.89
50 21.9691 93.8573 71.8882 31.06 22.83
60 22.2361 50.5057 28.2696 12.21 10.61
70 21.9869 35.9528 13.9659 6.03 4.58
80 21.95 28.804 6.854 2.96 1.62
100 22.0517 24.5601 2.5084 1.08 0.53
120 22.0025 22.8334 0.8309 0.36 0.18
140 21.9814 22.191 0.2096 0.09 0.08
170 22.0231 22.1037 0.0806 0.03 0.05
230 22.2428 22.3149 0.0721 0.03 0.02
270 22.2278 22.2447 0.0169 0.01 0.01
Pan 22.1061 22.1323 0.0262 0.01 0.00
      
Total   231.4485 100.00  
 
AH-20 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.0923 0 0.00 100.00
8 22.0092 22.0092 0 0.00 100.00
10 22.08 22.08 0 0.00 100.00
12 22.1946 22.1946 0 0.00 100.00
14 22.1956 22.1956 0 0.00 100.00
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16 22.0861 22.0861 0 0.00 100.00
18 21.9655 21.9655 0 0.00 100.00
20 22.0116 22.0116 0 0.00 100.00
30 22.2019 22.2019 0 0.00 100.00
35 22.1968 22.2726 0.0758 0.02 99.98
40 22.0129 22.1186 0.1057 0.03 99.95
50 21.9691 23.0735 1.1044 0.31 99.64
60 22.2361 26.1849 3.9488 1.11 98.53
70 21.9869 31.0683 9.0814 2.55 95.99
80 21.95 43.36 21.41 6.00 89.99
100 22.0517 51.6039 29.5522 8.28 81.70
120 22.0025 71.2227 49.2202 13.80 67.91
140 21.9814 70.5756 48.5942 13.62 54.29
170 22.0231 56.3681 34.345 9.63 44.66
230 22.2428 96.2171 73.9743 20.73 23.93
270 22.2278 48.025 25.7972 7.23 16.70
Pan 22.1061 81.6859 59.5798 16.70 0.00
      
Total   356.789 100.00  
 
AH-23 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.2598 0.1675 0.05 99.95
8 22.0092 22.2475 0.2383 0.07 99.87
10 22.08 22.3969 0.3169 0.10 99.77
12 22.1946 22.6592 0.4646 0.15 99.63
14 22.1956 23.0321 0.8365 0.26 99.36
16 22.0861 23.1455 1.0594 0.33 99.03
18 21.9655 23.3725 1.407 0.44 98.59
20 22.0116 23.9257 1.9141 0.60 97.99
30 22.2019 32.741 10.5391 3.32 94.67
35 22.1968 35.0713 12.8745 4.05 90.62
40 22.0129 41.2921 19.2792 6.07 84.55
50 21.9691 74.5391 52.57 16.54 68.01
60 22.2361 63.7037 41.4676 13.05 54.97
70 21.9869 55.9455 33.9586 10.68 44.28
80 21.95 55.5122 33.5622 10.56 33.72
100 22.0517 48.4219 26.3702 8.30 25.43
120 22.0025 45.209 23.2065 7.30 18.12
140 21.9814 36.4086 14.4272 4.54 13.59
170 22.0231 30.7887 8.7656 2.76 10.83
230 22.2428 37.4043 15.1615 4.77 6.06
270 22.2278 28.3727 6.1449 1.93 4.12
Pan 22.1061 35.2148 13.1087 4.12 0.00
      
Total   317.8401 100.00  
 
AH-27 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
 174
      
7 22.0923 22.1304 0.0381 0.01 99.99
8 22.0092 22.2419 0.2327 0.07 99.92
10 22.08 22.2468 0.1668 0.05 99.87
12 22.1946 22.7551 0.5605 0.16 99.71
14 22.1956 23.1336 0.938 0.27 99.44
16 22.0861 23.4873 1.4012 0.40 99.04
18 21.9655 24.5303 2.5648 0.74 98.30
20 22.0116 25.7725 3.7609 1.08 97.22
30 22.2019 37.9427 15.7408 4.52 92.70
35 22.1968 39.1277 16.9309 4.86 87.84
40 22.0129 45.4507 23.4378 6.73 81.11
50 21.9691 95.0217 73.0526 20.98 60.13
60 22.2361 74.0202 51.7841 14.87 45.25
70 21.9869 59.8158 37.8289 10.87 34.39
80 21.95 60.4181 38.4681 11.05 23.34
100 22.0517 47.143 25.0913 7.21 16.13
120 22.0025 44.2395 22.237 6.39 9.75
140 21.9814 34.2389 12.2575 3.52 6.22
170 22.0231 28.334 6.3109 1.81 4.41
230 22.2428 30.8882 8.6454 2.48 1.93
270 22.2278 25.1314 2.9036 0.83 1.09
Pan 22.1061 25.9182 3.8121 1.09 0.00
      
Total   348.164 100.00  
 
AH-31 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.2449 0.1526 0.07 99.93
8 22.0092 22.1242 0.115 0.05 99.87
10 22.08 22.2073 0.1273 0.06 99.81
12 22.1946 22.2636 0.069 0.03 99.78
14 22.1956 22.2411 0.0455 0.02 99.76
16 22.0861 22.1372 0.0511 0.02 99.73
18 21.9655 22.0778 0.1123 0.05 99.68
20 22.0116 22.1731 0.1615 0.08 99.60
30 22.2019 22.7804 0.5785 0.27 99.33
35 22.1968 22.7791 0.5823 0.28 99.05
40 22.0129 23.0367 1.0238 0.49 98.57
50 21.9691 26.7224 4.7533 2.25 96.31
60 22.2361 28.063 5.8269 2.76 93.55
70 21.9869 28.2725 6.2856 2.98 90.57
80 21.95 29.5358 7.5858 3.60 86.97
100 22.0517 28.7458 6.6941 3.17 83.80
120 22.0025 29.0003 6.9978 3.32 80.48
140 21.9814 27.9132 5.9318 2.81 77.67
170 22.0231 27.8861 5.863 2.78 74.89
230 22.2428 44.8752 22.6324 10.73 64.16
270 22.2278 41.7674 19.5396 9.27 54.89
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Pan 22.1061 137.872 115.7659 54.89 0.00
      
Total   210.8951 100.00  
 
AH-34 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.0923 0 0.00 100.00
8 22.0092 22.0092 0 0.00 100.00
10 22.08 22.08 0 0.00 100.00
12 22.1946 22.1946 0 0.00 100.00
14 22.1956 22.1956 0 0.00 100.00
16 22.0861 22.0927 0.0066 0.00 100.00
18 21.9655 22.0035 0.038 0.01 99.99
20 22.0116 22.0264 0.0148 0.00 99.98
30 22.2019 22.4133 0.2114 0.06 99.93
35 22.1968 22.8096 0.6128 0.17 99.76
40 22.0129 23.2988 1.2859 0.35 99.40
50 21.9691 28.7454 6.7763 1.87 97.53
60 22.2361 36.715 14.4789 3.99 93.54
70 21.9869 48.1459 26.159 7.21 86.33
80 21.95 74.7299 52.7799 14.55 71.78
100 22.0517 83.685 61.6333 16.99 54.80
120 22.0025 94.4528 72.4503 19.97 34.82
140 21.9814 67.7242 45.7428 12.61 22.22
170 22.0231 49.9261 27.903 7.69 14.52
230 22.2428 57.3579 35.1151 9.68 4.85
270 22.2278 30.889 8.6612 2.39 2.46
Pan 22.1061 31.0223 8.9162 2.46 0.00
      
Total   362.7855 100.00  
 
AH-35 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.1888 0.0965 0.04 99.96
8 22.0092 22.0518 0.0426 0.02 99.94
10 22.08 22.1168 0.0368 0.01 99.93
12 22.1946 22.302 0.1074 0.04 99.89
14 22.1956 22.6246 0.429 0.17 99.72
16 22.0861 22.8019 0.7158 0.28 99.44
18 21.9655 23.3379 1.3724 0.54 98.89
20 22.0116 24.0032 1.9916 0.79 98.10
30 22.2019 30.6244 8.4225 3.33 94.77
35 22.1968 30.5974 8.4006 3.32 91.45
40 22.0129 34.4675 12.4546 4.93 86.53
50 21.9691 58.0136 36.0445 14.26 72.27
60 22.2361 45.3706 23.1345 9.15 63.12
70 21.9869 37.5935 15.6066 6.17 56.95
80 21.95 36.4093 14.4593 5.72 51.23
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100 22.0517 36.2788 14.2271 5.63 45.60
120 22.0025 40.1937 18.1912 7.19 38.41
140 21.9814 39.2087 17.2273 6.81 31.60
170 22.0231 36.5523 14.5292 5.75 25.85
230 22.2428 56.2779 34.0351 13.46 12.39
270 22.2278 35.6699 13.4421 5.32 7.07
Pan 22.1061 39.9911 17.885 7.07 0.00
      
Total   252.8517 100.00  
 
AAW-4 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 24.1261 2.0338 0.60 99.40
8 22.0092 24.4882 2.479 0.73 98.68
10 22.08 25.7294 3.6494 1.07 97.61
12 22.1946 27.6201 5.4255 1.59 96.02
14 22.1956 31.4652 9.2696 2.72 93.30
16 22.0861 32.6982 10.6121 3.11 90.18
18 21.9655 37.0727 15.1072 4.43 85.75
20 22.0116 41.85 19.8384 5.82 79.94
30 22.2019 77.1854 54.9835 16.12 63.81
35 22.1968 49.8965 27.6997 8.12 55.69
40 22.0129 58.8961 36.8832 10.82 44.87
50 21.9691 94.6823 72.7132 21.32 23.55
60 22.2361 56.4957 34.2596 10.05 13.50
70 21.9869 37.8674 15.8805 4.66 8.85
80 21.95 35.4519 13.5019 3.96 4.89
100 22.0517 28.3215 6.2698 1.84 3.05
120 22.0025 25.8842 3.8817 1.14 1.91
140 21.9814 23.8408 1.8594 0.55 1.36
170 22.0231 23.0639 1.0408 0.31 1.06
230 22.2428 23.9793 1.7365 0.51 0.55
270 22.2278 22.8147 0.5869 0.17 0.38
Pan 22.1061 23.3963 1.2902 0.38 0.00
      
Total   341.0019 100.00  
 
AAW-9 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.0923 0 0.00 100.00
8 22.0092 22.0092 0 0.00 100.00
10 22.08 22.08 0 0.00 100.00
12 22.1946 22.1946 0 0.00 100.00
14 22.1956 22.1956 0 0.00 100.00
16 22.0861 22.0861 0 0.00 100.00
18 21.9655 21.9655 0 0.00 100.00
20 22.0116 22.0116 0 0.00 100.00
30 22.2019 22.3005 0.0986 0.03 99.97
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35 22.1968 22.3742 0.1774 0.05 99.92
40 22.0129 22.4696 0.4567 0.14 99.78
50 21.9691 29.6913 7.7222 2.35 97.42
60 22.2361 43.1418 20.9057 6.37 91.06
70 21.9869 55.7996 33.8127 10.30 80.76
80 21.95 72.9987 51.0487 15.55 65.20
100 22.0517 71.5919 49.5402 15.09 50.11
120 22.0025 70.6406 48.6381 14.82 35.30
140 21.9814 54.9851 33.0037 10.05 25.24
170 22.0231 42.1427 20.1196 6.13 19.11
230 22.2428 53.3106 31.0678 9.46 9.65
270 22.2278 33.371 11.1432 3.39 6.25
Pan 22.1061 42.6334 20.5273 6.25 0.00
      
Total   328.2619 100.00  
 
AAW-13 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.0923 0 0.00 100.00
8 22.0092 22.0092 0 0.00 100.00
10 22.08 22.08 0 0.00 100.00
12 22.1946 22.1946 0 0.00 100.00
14 22.1956 22.1956 0 0.00 100.00
16 22.0861 22.0861 0 0.00 100.00
18 21.9655 21.9719 0.0064 0.00 100.00
20 22.0116 22.0168 0.0052 0.00 100.00
30 22.2019 22.2377 0.0358 0.01 99.99
35 22.1968 22.2535 0.0567 0.02 99.97
40 22.0129 22.1659 0.153 0.04 99.93
50 21.9691 23.897 1.9279 0.54 99.39
60 22.2361 30.3795 8.1434 2.27 97.13
70 21.9869 51.8097 29.8228 8.30 88.83
80 21.95 116.0349 94.0849 26.18 62.64
100 22.0517 117.8124 95.7607 26.65 35.99
120 22.0025 97.1227 75.1202 20.91 15.09
140 21.9814 51.5478 29.5664 8.23 6.86
170 22.0231 32.5142 10.4911 2.92 3.94
230 22.2428 32.4805 10.2377 2.85 1.09
270 22.2278 23.8316 1.6038 0.45 0.64
Pan 22.1061 24.4151 2.309 0.64 0.00
      
Total   359.325 100.00  
 
AAW-14 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 28.8185 6.7262 1.24 98.76
8 22.0092 25.2278 3.2186 0.59 98.17
10 22.08 25.1815 3.1015 0.57 97.60
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12 22.1946 24.5523 2.3577 0.43 97.17
14 22.1956 24.6895 2.4939 0.46 96.71
16 22.0861 23.6813 1.5952 0.29 96.41
18 21.9655 23.655 1.6895 0.31 96.10
20 22.0116 23.3235 1.3119 0.24 95.86
30 22.2019 24.9825 2.7806 0.51 95.35
35 22.1968 24.0258 1.829 0.34 95.01
40 22.0129 24.79 2.7771 0.51 94.50
50 21.9691 36.1242 14.1551 2.60 91.90
60 22.2361 43.5677 21.3316 3.93 87.97
70 21.9869 59.2504 37.2635 6.86 81.11
80 21.95 78.8933 56.9433 10.48 70.63
100 22.0517 85.6354 63.5837 11.70 58.93
120 22.0025 99.965 77.9625 14.35 44.58
140 21.9814 80.3155 58.3341 10.74 33.85
170 22.0231 61.6587 39.6356 7.29 26.56
230 22.2428 87.6031 65.3603 12.03 14.53
270 22.2278 45.6796 23.4518 4.32 10.21
Pan 22.1061 77.5935 55.4874 10.21 0.00
      
Total   543.3901 100.00  
 
AAW-19 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 25.2042 3.1119 1.46 98.54
8 22.0092 22.4055 0.3963 0.19 98.35
10 22.08 22.3352 0.2552 0.12 98.23
12 22.1946 22.7488 0.5542 0.26 97.97
14 22.1956 22.799 0.6034 0.28 97.68
16 22.0861 22.5484 0.4623 0.22 97.47
18 21.9655 22.4182 0.4527 0.21 97.25
20 22.0116 22.4907 0.4791 0.23 97.03
30 22.2019 23.615 1.4131 0.67 96.36
35 22.1968 23.5152 1.3184 0.62 95.74
40 22.0129 24.0161 2.0032 0.94 94.80
50 21.9691 30.3117 8.3426 3.93 90.87
60 22.2361 33.1649 10.9288 5.14 85.73
70 21.9869 35.2451 13.2582 6.24 79.49
80 21.95 39.2951 17.3451 8.16 71.33
100 22.0517 38.8714 16.8197 7.92 63.41
120 22.0025 40.9598 18.9573 8.92 54.49
140 21.9814 35.3688 13.3874 6.30 48.19
170 22.0231 32.7341 10.711 5.04 43.15
230 22.2428 44.8199 22.5771 10.63 32.52
270 22.2278 35.2846 13.0568 6.14 26.38
Pan 22.1061 78.1605 56.0544 26.38 0.00
      
Total   212.4882 100.00  
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AAW-20 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 114.5559 92.4636 17.56 82.44
8 22.0092 34.2443 12.2351 2.32 80.11
10 22.08 34.298 12.218 2.32 77.79
12 22.1946 34.4367 12.2421 2.33 75.47
14 22.1956 38.9506 16.755 3.18 72.29
16 22.0861 36.8512 14.7651 2.80 69.48
18 21.9655 42.5224 20.5569 3.90 65.58
20 22.0116 41.5189 19.5073 3.70 61.87
30 22.2019 83.9884 61.7865 11.73 50.14
35 22.1968 62.4698 40.273 7.65 42.49
40 22.0129 63.9888 41.9759 7.97 34.52
50 21.9691 99.8568 77.8877 14.79 19.72
60 22.2361 54.8445 32.6084 6.19 13.53
70 21.9869 40.4499 18.463 3.51 10.02
80 21.95 37.3367 15.3867 2.92 7.10
100 22.0517 32.0918 10.0401 1.91 5.19
120 22.0025 30.3442 8.3417 1.58 3.61
140 21.9814 26.6952 4.7138 0.90 2.72
170 22.0231 25.3141 3.291 0.63 2.09
230 22.2428 27.4569 5.2141 0.99 1.10
270 22.2278 24.5306 2.3028 0.44 0.66
Pan 22.1061 25.5949 3.4888 0.66 0.00
      
Total   526.5166 100.00  
 
AAW-23 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 22.0923 0 0.00 100.00
8 22.0092 22.0092 0 0.00 100.00
10 22.08 22.08 0 0.00 100.00
12 22.1946 22.2176 0.023 0.01 99.99
14 22.1956 22.2127 0.0171 0.00 99.99
16 22.0861 22.1043 0.0182 0.00 99.98
18 21.9655 22.0118 0.0463 0.01 99.97
20 22.0116 22.1105 0.0989 0.03 99.94
30 22.2019 22.5749 0.373 0.10 99.84
35 22.1968 22.6447 0.4479 0.12 99.72
40 22.0129 23.0894 1.0765 0.29 99.43
50 21.9691 32.1262 10.1571 2.77 96.66
60 22.2361 42.6102 20.3741 5.55 91.11
70 21.9869 48.8574 26.8705 7.32 83.79
80 21.95 65.0215 43.0715 11.73 72.06
100 22.0517 70.2249 48.1732 13.12 58.94
120 22.0025 74.5919 52.5894 14.32 44.62
140 21.9814 62.5884 40.607 11.06 33.56
170 22.0231 47.1589 25.1358 6.85 26.71
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230 22.2428 64.175 41.9322 11.42 15.29
270 22.2278 37.7399 15.5121 4.23 11.07
Pan 22.1061 62.7325 40.6264 11.07 0.00
      
Total   367.1502 100.00  
 
AAW-29 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 92.7472 70.6549 11.55 88.45
8 22.0092 42.157 20.1478 3.29 85.16
10 22.08 45.6673 23.5873 3.86 81.30
12 22.1946 48.156 25.9614 4.24 77.06
14 22.1956 57.9781 35.7825 5.85 71.21
16 22.0861 54.1822 32.0961 5.25 65.97
18 21.9655 63.2306 41.2651 6.74 59.22
20 22.0116 63.684 41.6724 6.81 52.41
30 22.2019 109.193 86.9911 14.22 38.19
35 22.1968 64.4853 42.2885 6.91 31.28
40 22.0129 61.837 39.8241 6.51 24.77
50 21.9691 92.5804 70.6113 11.54 13.23
60 22.2361 53.5231 31.287 5.11 8.12
70 21.9869 40.004 18.0171 2.94 5.17
80 21.95 34.4985 12.5485 2.05 3.12
100 22.0517 28.315 6.2633 1.02 2.10
120 22.0025 26.1764 4.1739 0.68 1.42
140 21.9814 24.0393 2.0579 0.34 1.08
170 22.0231 23.4034 1.3803 0.23 0.85
230 22.2428 24.6209 2.3781 0.39 0.46
270 22.2278 23.1333 0.9055 0.15 0.32
Pan 22.1061 24.0448 1.9387 0.32 0.00
      
Total   611.8328 100.00  
 
AAW-33 
Sieve # Bottle Sample + Bottle Sample % Retained Passing %
      
7 22.0923 23.0333 0.941 0.19 99.81
8 22.0092 22.7425 0.7333 0.15 99.66
10 22.08 22.4733 0.3933 0.08 99.58
12 22.1946 22.4727 0.2781 0.06 99.53
14 22.1956 22.6737 0.4781 0.10 99.43
16 22.0861 22.5119 0.4258 0.09 99.35
18 21.9655 22.635 0.6695 0.13 99.21
20 22.0116 22.5418 0.5302 0.11 99.10
30 22.2019 23.4976 1.2957 0.26 98.84
35 22.1968 23.0431 0.8463 0.17 98.67
40 22.0129 23.1454 1.1325 0.23 98.44
50 21.9691 29.2116 7.2425 1.46 96.98
60 22.2361 56.9385 34.7024 6.99 89.99
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70 21.9869 101.8912 79.9043 16.10 73.89
80 21.95 139.898 117.948 23.77 50.12
100 22.0517 125.4923 103.4406 20.85 29.27
120 22.0025 96.6913 74.6888 15.05 14.22
140 21.9814 56.6374 34.656 6.98 7.23
170 22.0231 37.1892 15.1661 3.06 4.17
230 22.2428 36.1523 13.9095 2.80 1.37
270 22.2278 24.9121 2.6843 0.54 0.83
Pan 22.1061 26.2268 4.1207 0.83 0.00
      
Total   496.187 100.00  
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APPENDIX 2 
 
PHOTOMICROGRAPHS OF STUDIED GRAINS 
 
 
Due to the large number of photomicrographs (2321), the data are stored on 
electronic support at the back of this thesis. The photomicrographs are arranged by thin 
section and target order. The nomenclature is as follows: 
 
AAW-16-Gt.1.jpg 
 
AAW-16: Sample number 
Gt: mineral type (Gt - garnet, Zr - zircon, Ti - titanite, T - tourmaline) 
1: grain # for the current sample number and mineral type 
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APPENDIX 3 
 
ROUNDNESS AND ETCHING VALUES OF STUDIED GRAINS 
 
 
Grain n Roundness Etching Section Target Mineral Depth 
AAW-10-Gt.1  2 5 2 2 Garnet Surface 
AAW-10-Gt.2  5 5 2 2 Garnet Surface 
AAW-10-Gt.3  4 3 2 2 Garnet Surface 
AAW-10-Gt.4  2 5 2 2 Garnet Surface 
AAW-10-Gt.5  5 5 2 2 Garnet Surface 
AAW-10-Gt.6  2 5 2 2 Garnet Surface 
AAW-10-Gt.7  2 3 2 2 Garnet Surface 
AAW-10-Gt.8  3 5 2 2 Garnet Surface 
AAW-10-Gt 8 3.1 4.5     
AAW-12-Gt.1  3 1 1 4 Garnet Surface 
AAW-12-Gt.1  4 3 2 2 Garnet Surface 
AAW-12-Gt.10  4 4 2 2 Garnet Surface 
AAW-12-Gt.11  2 3 2 2 Garnet Surface 
AAW-12-Gt.12  1 4 2 2 Garnet Surface 
AAW-12-Gt.13  1 5 2 2 Garnet Surface 
AAW-12-Gt.14  3 2 2 2 Garnet Surface 
AAW-12-Gt.2  3 2 1 4 Garnet Surface 
AAW-12-Gt.2  4 5 2 2 Garnet Surface 
AAW-12-Gt.3  2 4 1 4 Garnet Surface 
AAW-12-Gt.3  5 5 2 2 Garnet Surface 
AAW-12-Gt.4  3 4 2 2 Garnet Surface 
AAW-12-Gt.5  3 4 2 2 Garnet Surface 
AAW-12-Gt.6  5 4 2 2 Garnet Surface 
AAW-12-Gt.7  3 5 2 2 Garnet Surface 
AAW-12-Gt.8  4 4 2 2 Garnet Surface 
AAW-12-Gt.9  4 3 2 2 Garnet Surface 
AAW-12-Gt 17 3.2 3.6     
AAW-13-Gt.1  4 5 2 2 Garnet Surface 
AAW-13-Gt.10  1 3 2 2 Garnet Surface 
AAW-13-Gt.11  2 1 2 2 Garnet Surface 
AAW-13-Gt.12  1 4 2 2 Garnet Surface 
AAW-13-Gt.13  1 3 2 2 Garnet Surface 
AAW-13-Gt.14  4 5 2 2 Garnet Surface 
AAW-13-Gt.15  2 3 2 2 Garnet Surface 
AAW-13-Gt.16  3 5 2 2 Garnet Surface 
AAW-13-Gt.17  3 2 2 2 Garnet Surface 
AAW-13-Gt.18  4 5 2 2 Garnet Surface 
AAW-13-Gt.19  2 5 2 2 Garnet Surface 
AAW-13-Gt.2  2 4 2 2 Garnet Surface 
AAW-13-Gt.20  4 4 2 2 Garnet Surface 
AAW-13-Gt.3  2 5 2 2 Garnet Surface 
AAW-13-Gt.4  4 5 2 2 Garnet Surface 
AAW-13-Gt.5  2 4 2 2 Garnet Surface 
AAW-13-Gt.6  1 5 2 2 Garnet Surface 
AAW-13-Gt.7  2 4 2 2 Garnet Surface 
AAW-13-Gt.8  2 5 2 2 Garnet Surface 
AAW-13-Gt.9  2 5 2 2 Garnet Surface 
AAW-13-Gt 20 2.4 4.1     
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Grain n Roundness Etching Section Target Mineral Depth 
AAW-14-Gt.1  5 5 2 2 Garnet Surface 
AAW-14-Gt.2  3 5 2 2 Garnet Surface 
AAW-14-Gt.3  4 3 2 2 Garnet Surface 
AAW-14-Gt.4  5 4 2 2 Garnet Surface 
AAW-14-Gt.5  1 1 2 2 Garnet Surface 
AAW-14-Gt.6  2 5 2 2 Garnet Surface 
AAW-14-Gt.7  4 4 2 2 Garnet Surface 
AAW-14-Gt 7 3.4 3.9     
AAW-16-Gt.1  2 2 2 3 Garnet Surface 
AAW-16-Gt.10  3 5 2 3 Garnet Surface 
AAW-16-Gt.11  2 5 2 3 Garnet Surface 
AAW-16-Gt.12  4 5 2 3 Garnet Surface 
AAW-16-Gt.13  4 4 2 3 Garnet Surface 
AAW-16-Gt.14  4 5 2 3 Garnet Surface 
AAW-16-Gt.15  3 2 2 3 Garnet Surface 
AAW-16-Gt.16  2 2 2 3 Garnet Surface 
AAW-16-Gt.17  5 3 2 3 Garnet Surface 
AAW-16-Gt.2  4 4 2 3 Garnet Surface 
AAW-16-Gt.3  3 5 2 3 Garnet Surface 
AAW-16-Gt.4  5 3 2 3 Garnet Surface 
AAW-16-Gt.5  4 3 2 3 Garnet Surface 
AAW-16-Gt.6  3 4 2 3 Garnet Surface 
AAW-16-Gt.7  3 5 2 3 Garnet Surface 
AAW-16-Gt.8  4 4 2 3 Garnet Surface 
AAW-16-Gt.9  5 2 2 3 Garnet Surface 
AAW-16-Gt 17 3.5 3.7     
AAW-18-Gt.1  4 3 2 2 Garnet Surface 
AAW-18-Gt.10  5 5 2 2 Garnet Surface 
AAW-18-Gt.11  2 3 2 2 Garnet Surface 
AAW-18-Gt.12  2 2 2 2 Garnet Surface 
AAW-18-Gt.13  3 3 2 2 Garnet Surface 
AAW-18-Gt.14  4 4 2 2 Garnet Surface 
AAW-18-Gt.15  4 5 2 2 Garnet Surface 
AAW-18-Gt.16  4 4 2 2 Garnet Surface 
AAW-18-Gt.17  5 4 2 2 Garnet Surface 
AAW-18-Gt.18  1 3 2 2 Garnet Surface 
AAW-18-Gt.19  2 3 2 2 Garnet Surface 
AAW-18-Gt.2  4 4 2 2 Garnet Surface 
AAW-18-Gt.20  3 2 2 2 Garnet Surface 
AAW-18-Gt.3  4 3 2 2 Garnet Surface 
AAW-18-Gt.4  2 2 2 2 Garnet Surface 
AAW-18-Gt.5  4 4 2 2 Garnet Surface 
AAW-18-Gt.6  5 3 2 2 Garnet Surface 
AAW-18-Gt.7  5 3 2 2 Garnet Surface 
AAW-18-Gt.8  4 4 2 2 Garnet Surface 
AAW-18-Gt.9  5 5 2 2 Garnet Surface 
AAW-18-Gt 20 3.6 3.5     
AAW-20-Gt.1  3 1 2 2 Garnet Surface 
AAW-20-Gt.10  1 1 2 2 Garnet Surface 
AAW-20-Gt.11  2 2 2 2 Garnet Surface 
AAW-20-Gt.12  4 3 2 2 Garnet Surface 
AAW-20-Gt.13  3 2 2 2 Garnet Surface 
AAW-20-Gt.14  4 4 2 2 Garnet Surface 
AAW-20-Gt.15  1 1 2 2 Garnet Surface 
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Grain n Roundness Etching Section Target Mineral Depth 
AAW-20-Gt.16  4 2 2 2 Garnet Surface 
AAW-20-Gt.17  3 2 2 2 Garnet Surface 
AAW-20-Gt.18  4 4 2 2 Garnet Surface 
AAW-20-Gt.19  2 2 2 2 Garnet Surface 
AAW-20-Gt.2  4 1 2 2 Garnet Surface 
AAW-20-Gt.20  3 4 2 2 Garnet Surface 
AAW-20-Gt.3  2 1 2 2 Garnet Surface 
AAW-20-Gt.4  3 3 2 2 Garnet Surface 
AAW-20-Gt.5  3 2 2 2 Garnet Surface 
AAW-20-Gt.6  5 4 2 2 Garnet Surface 
AAW-20-Gt.7  3 4 2 2 Garnet Surface 
AAW-20-Gt.8  3 1 2 2 Garnet Surface 
AAW-20-Gt.9  1 1 2 2 Garnet Surface 
AAW-20-Gt 20 2.9 2.3     
AAW-22-Gt.1  3 5 2 2 Garnet Surface 
AAW-22-Gt.10  3 2 2 2 Garnet Surface 
AAW-22-Gt.11  3 3 2 2 Garnet Surface 
AAW-22-Gt.12  1 3 2 2 Garnet Surface 
AAW-22-Gt.13  1 2 2 2 Garnet Surface 
AAW-22-Gt.14  2 3 2 2 Garnet Surface 
AAW-22-Gt.15  4 3 2 2 Garnet Surface 
AAW-22-Gt.16  3 2 2 2 Garnet Surface 
AAW-22-Gt.17  4 3 2 2 Garnet Surface 
AAW-22-Gt.18  1 2 2 2 Garnet Surface 
AAW-22-Gt.19  4 3 2 2 Garnet Surface 
AAW-22-Gt.2  1 3 2 2 Garnet Surface 
AAW-22-Gt.20  3 4 2 2 Garnet Surface 
AAW-22-Gt.21  2 2 2 2 Garnet Surface 
AAW-22-Gt.3  4 2 2 2 Garnet Surface 
AAW-22-Gt.4  3 3 2 2 Garnet Surface 
AAW-22-Gt.5  3 4 2 2 Garnet Surface 
AAW-22-Gt.6  1 2 2 2 Garnet Surface 
AAW-22-Gt.7  3 3 2 2 Garnet Surface 
AAW-22-Gt.8  1 3 2 2 Garnet Surface 
AAW-22-Gt.9  5 4 2 2 Garnet Surface 
AAW-22-Gt 20 2.6 2.9     
AAW-24-Gt.1  3 3 2 2 Garnet Surface 
AAW-24-Gt.10  4 1 2 2 Garnet Surface 
AAW-24-Gt.11  4 2 2 2 Garnet Surface 
AAW-24-Gt.12  4 3 2 2 Garnet Surface 
AAW-24-Gt.13  4 3 2 2 Garnet Surface 
AAW-24-Gt.14  3 1 2 2 Garnet Surface 
AAW-24-Gt.15  3 3 2 2 Garnet Surface 
AAW-24-Gt.16  2 2 2 2 Garnet Surface 
AAW-24-Gt.17  1 2 2 2 Garnet Surface 
AAW-24-Gt.18  2 3 2 2 Garnet Surface 
AAW-24-Gt.19  3 2 2 2 Garnet Surface 
AAW-24-Gt.2  3 3 2 2 Garnet Surface 
AAW-24-Gt.20  4 4 2 2 Garnet Surface 
AAW-24-Gt.3  2 2 2 2 Garnet Surface 
AAW-24-Gt.4  3 2 2 2 Garnet Surface 
AAW-24-Gt.5  3 3 2 2 Garnet Surface 
AAW-24-Gt.6  3 4 2 2 Garnet Surface 
AAW-24-Gt.7  2 4 2 2 Garnet Surface 
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Grain n Roundness Etching Section Target Mineral Depth 
AAW-24-Gt.8  3 4 2 2 Garnet Surface 
AAW-24-Gt.9  2 2 2 2 Garnet Surface 
AAW-24-Gt 20 2.9 2.7     
AAW-25-Gt.1  1 3 2 2 Garnet Surface 
AAW-25-Gt.10  3 3 2 2 Garnet Surface 
AAW-25-Gt.11  1 3 2 2 Garnet Surface 
AAW-25-Gt.12  1 2 2 2 Garnet Surface 
AAW-25-Gt.13  2 3 2 2 Garnet Surface 
AAW-25-Gt.14  3 4 2 2 Garnet Surface 
AAW-25-Gt.15  4 3 2 2 Garnet Surface 
AAW-25-Gt.16  2 2 2 2 Garnet Surface 
AAW-25-Gt.17  4 3 2 2 Garnet Surface 
AAW-25-Gt.18  2 1 2 2 Garnet Surface 
AAW-25-Gt.19  2 2 2 2 Garnet Surface 
AAW-25-Gt.2  4 2 2 2 Garnet Surface 
AAW-25-Gt.20  3 2 2 2 Garnet Surface 
AAW-25-Gt.3  4 1 2 2 Garnet Surface 
AAW-25-Gt.4  1 1 2 2 Garnet Surface 
AAW-25-Gt.5  3 1 2 2 Garnet Surface 
AAW-25-Gt.6  4 3 2 2 Garnet Surface 
AAW-25-Gt.7  4 3 2 2 Garnet Surface 
AAW-25-Gt.8  3 2 2 2 Garnet Surface 
AAW-25-Gt.9  1 1 2 2 Garnet Surface 
AAW-25-Gt 20 2.6 2.3     
AAW-2-Gt.1  2 4 2 2 Garnet Surface 
AAW-2-Gt.10  5 4 2 2 Garnet Surface 
AAW-2-Gt.11  3 1 2 2 Garnet Surface 
AAW-2-Gt.12  1 4 2 2 Garnet Surface 
AAW-2-Gt.13  5 4 2 2 Garnet Surface 
AAW-2-Gt.14  3 4 2 2 Garnet Surface 
AAW-2-Gt.15  3 3 2 2 Garnet Surface 
AAW-2-Gt.16  4 4 2 2 Garnet Surface 
AAW-2-Gt.17  4 3 2 2 Garnet Surface 
AAW-2-Gt.18  2 5 2 2 Garnet Surface 
AAW-2-Gt.19  3 3 2 2 Garnet Surface 
AAW-2-Gt.2  5 5 2 2 Garnet Surface 
AAW-2-Gt.20  4 3 2 2 Garnet Surface 
AAW-2-Gt.3  4 5 2 2 Garnet Surface 
AAW-2-Gt.4  4 4 2 2 Garnet Surface 
AAW-2-Gt.5  4 3 2 2 Garnet Surface 
AAW-2-Gt.6  4 4 2 2 Garnet Surface 
AAW-2-Gt.7  3 1 2 2 Garnet Surface 
AAW-2-Gt.8  5 5 2 2 Garnet Surface 
AAW-2-Gt.9  5 2 2 2 Garnet Surface 
AAW-2-Gt 20 3.7 3.6     
AAW-4-Gt.1  4 3 1 4 Garnet Surface 
AAW-4-Gt.1  1 4 2 2 Garnet Surface 
AAW-4-Gt.10  4 4 1 4 Garnet Surface 
AAW-4-Gt.11  4 5 1 4 Garnet Surface 
AAW-4-Gt.12  2 3 1 4 Garnet Surface 
AAW-4-Gt.13  4 4 1 4 Garnet Surface 
AAW-4-Gt.2  5 3 1 4 Garnet Surface 
AAW-4-Gt.2  2 4 2 2 Garnet Surface 
AAW-4-Gt.3  4 4 1 4 Garnet Surface 
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Grain n Roundness Etching Section Target Mineral Depth 
AAW-4-Gt.3  3 3 2 2 Garnet Surface 
AAW-4-Gt.4  5 4 1 4 Garnet Surface 
AAW-4-Gt.4  5 5 2 2 Garnet Surface 
AAW-4-Gt.5  4 2 1 4 Garnet Surface 
AAW-4-Gt.5  3 5 2 2 Garnet Surface 
AAW-4-Gt.6  3 2 1 4 Garnet Surface 
AAW-4-Gt.6  3 3 2 2 Garnet Surface 
AAW-4-Gt.7  2 4 1 4 Garnet Surface 
AAW-4-Gt.8  5 5 1 4 Garnet Surface 
AAW-4-Gt.9  4 4 1 4 Garnet Surface 
AAW-4-Gt 19 3.5 3.7     
AAW-6-Gt.1  5 5 2 2 Garnet Surface 
AAW-6-Gt.2  3 4 2 2 Garnet Surface 
AAW-6-Gt 2 4 4.5     
AAW-8-Gt.1  3 5 1 4 Garnet Surface 
AAW-8-Gt.1  4 4 2 2 Garnet Surface 
AAW-8-Gt.10  5 5 2 2 Garnet Surface 
AAW-8-Gt.11  5 5 2 2 Garnet Surface 
AAW-8-Gt.12  4 2 2 2 Garnet Surface 
AAW-8-Gt.13  4 4 2 2 Garnet Surface 
AAW-8-Gt.14  5 5 2 2 Garnet Surface 
AAW-8-Gt.15  5 1 2 2 Garnet Surface 
AAW-8-Gt.16  3 3 2 2 Garnet Surface 
AAW-8-Gt.2  4 4 1 4 Garnet Surface 
AAW-8-Gt.2  5 5 2 2 Garnet Surface 
AAW-8-Gt.3  3 4 1 4 Garnet Surface 
AAW-8-Gt.3  4 5 2 2 Garnet Surface 
AAW-8-Gt.4  5 5 1 4 Garnet Surface 
AAW-8-Gt.4  3 3 2 2 Garnet Surface 
AAW-8-Gt.5  5 4 1 4 Garnet Surface 
AAW-8-Gt.5  5 5 2 2 Garnet Surface 
AAW-8-Gt.6  4 4 2 2 Garnet Surface 
AAW-8-Gt.7  5 5 2 2 Garnet Surface 
AAW-8-Gt.8  5 5 2 2 Garnet Surface 
AAW-8-Gt.9  4 3 2 2 Garnet Surface 
AAW-8-Gt 21 4.3 4.1     
AH-10-Gt.1  1 3 1 2 Garnet Surface 
AH-10-Gt.10  3 4 1 2 Garnet Surface 
AH-10-Gt.11  1 3 1 2 Garnet Surface 
AH-10-Gt.12  1 3 1 2 Garnet Surface 
AH-10-Gt.13  3 3 1 2 Garnet Surface 
AH-10-Gt.14  2 1 1 2 Garnet Surface 
AH-10-Gt.15  3 4 1 2 Garnet Surface 
AH-10-Gt.16  2 3 1 2 Garnet Surface 
AH-10-Gt.17  3 4 1 2 Garnet Surface 
AH-10-Gt.18  3 3 1 2 Garnet Surface 
AH-10-Gt.19  4 5 1 2 Garnet Surface 
AH-10-Gt.2  2 2 1 2 Garnet Surface 
AH-10-Gt.20  4 4 1 2 Garnet Surface 
AH-10-Gt.3  1 2 1 2 Garnet Surface 
AH-10-Gt.4  4 4 1 2 Garnet Surface 
AH-10-Gt.5  1 1 1 2 Garnet Surface 
AH-10-Gt.6  4 3 1 2 Garnet Surface 
AH-10-Gt.7  1 1 1 2 Garnet Surface 
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AH-10-Gt.8  1 3 1 2 Garnet Surface 
AH-10-Gt.9  1 2 1 2 Garnet Surface 
AH-10-Gt 20 2.3 2.9     
AH-12-Gt.1  3 4 1 2 Garnet Surface 
AH-12-Gt.10  2 2 1 2 Garnet Surface 
AH-12-Gt.11  2 1 1 2 Garnet Surface 
AH-12-Gt.12  4 4 1 2 Garnet Surface 
AH-12-Gt.13  2 4 1 2 Garnet Surface 
AH-12-Gt.14  1 1 1 2 Garnet Surface 
AH-12-Gt.15  2 3 1 2 Garnet Surface 
AH-12-Gt.16  1 3 1 2 Garnet Surface 
AH-12-Gt.17  3 3 1 2 Garnet Surface 
AH-12-Gt.18  3 1 1 2 Garnet Surface 
AH-12-Gt.19  4 5 1 2 Garnet Surface 
AH-12-Gt.2  2 3 1 2 Garnet Surface 
AH-12-Gt.20  3 2 1 2 Garnet Surface 
AH-12-Gt.3  1 2 1 2 Garnet Surface 
AH-12-Gt.4  3 5 1 2 Garnet Surface 
AH-12-Gt.5  2 1 1 2 Garnet Surface 
AH-12-Gt.6  1 2 1 2 Garnet Surface 
AH-12-Gt.7  4 4 1 2 Garnet Surface 
AH-12-Gt.8  3 5 1 2 Garnet Surface 
AH-12-Gt.9  4 4 1 2 Garnet Surface 
AH-12-Gt 20 2.5 3.0     
AH-14-Gt.1  3 3 1 2 Garnet Surface 
AH-14-Gt.10  1 2 1 2 Garnet Surface 
AH-14-Gt.11  5 5 1 2 Garnet Surface 
AH-14-Gt.12  5 4 1 2 Garnet Surface 
AH-14-Gt.13  3 4 1 2 Garnet Surface 
AH-14-Gt.14  2 1 1 2 Garnet Surface 
AH-14-Gt.15  1 5 1 2 Garnet Surface 
AH-14-Gt.16  2 1 1 2 Garnet Surface 
AH-14-Gt.17  1 1 1 2 Garnet Surface 
AH-14-Gt.18  2 3 1 2 Garnet Surface 
AH-14-Gt.19  1 1 1 2 Garnet Surface 
AH-14-Gt.2  1 2 1 2 Garnet Surface 
AH-14-Gt.20  3 2 1 2 Garnet Surface 
AH-14-Gt.3  2 2 1 2 Garnet Surface 
AH-14-Gt.4  5 5 1 2 Garnet Surface 
AH-14-Gt.5  1 2 1 2 Garnet Surface 
AH-14-Gt.6  3 2 1 2 Garnet Surface 
AH-14-Gt.7  3 4 1 2 Garnet Surface 
AH-14-Gt.8  4 4 1 2 Garnet Surface 
AH-14-Gt.9  3 3 1 2 Garnet Surface 
AH-14-Gt 20 2.6 2.8     
AH-16-Gt.1  2 3 1 2 Garnet Surface 
AH-16-Gt.10  3 2 1 2 Garnet Surface 
AH-16-Gt.11  4 5 1 2 Garnet Surface 
AH-16-Gt.12  3 3 1 2 Garnet Surface 
AH-16-Gt.13  1 3 1 2 Garnet Surface 
AH-16-Gt.14  3 1 1 2 Garnet Surface 
AH-16-Gt.15  2 2 1 2 Garnet Surface 
AH-16-Gt.16  2 2 1 2 Garnet Surface 
AH-16-Gt.17  2 2 1 2 Garnet Surface 
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AH-16-Gt.18  2 2 1 2 Garnet Surface 
AH-16-Gt.19  1 2 1 2 Garnet Surface 
AH-16-Gt.2  2 2 1 2 Garnet Surface 
AH-16-Gt.20  5 5 1 2 Garnet Surface 
AH-16-Gt.3  3 2 1 2 Garnet Surface 
AH-16-Gt.4  3 1 1 2 Garnet Surface 
AH-16-Gt.5  3 3 1 2 Garnet Surface 
AH-16-Gt.6  2 4 1 2 Garnet Surface 
AH-16-Gt.7  3 3 1 2 Garnet Surface 
AH-16-Gt.8  3 2 1 2 Garnet Surface 
AH-16-Gt.9  3 4 1 2 Garnet Surface 
AH-16-Gt 20 3 3     
AH-17-Gt.1  3 1 1 2 Garnet Surface 
AH-17-Gt.10  3 3 1 2 Garnet Surface 
AH-17-Gt.11  2 3 1 2 Garnet Surface 
AH-17-Gt.12  3 4 1 2 Garnet Surface 
AH-17-Gt.13  1 2 1 2 Garnet Surface 
AH-17-Gt.14  2 1 1 2 Garnet Surface 
AH-17-Gt.15  3 3 1 2 Garnet Surface 
AH-17-Gt.16  1 1 1 2 Garnet Surface 
AH-17-Gt.17  3 4 1 2 Garnet Surface 
AH-17-Gt.18  3 3 1 2 Garnet Surface 
AH-17-Gt.19  1 1 1 2 Garnet Surface 
AH-17-Gt.2  2 4 1 2 Garnet Surface 
AH-17-Gt.20  1 3 1 2 Garnet Surface 
AH-17-Gt.3  3 3 1 2 Garnet Surface 
AH-17-Gt.4  1 1 1 2 Garnet Surface 
AH-17-Gt.5  2 2 1 2 Garnet Surface 
AH-17-Gt.6  3 3 1 2 Garnet Surface 
AH-17-Gt.7  3 4 1 2 Garnet Surface 
AH-17-Gt.8  3 2 1 2 Garnet Surface 
AH-17-Gt.9  1 4 1 2 Garnet Surface 
AH-17-Gt 20 2.2 2.6     
AH-1-Gt.1  5 5 1 2 Garnet Surface 
AH-1-Gt.2  2 1 1 2 Garnet Surface 
AH-1-Gt 2 3.5 3     
AH-20-Gt.1  2 3 1 2 Garnet Surface 
AH-20-Gt.10  2 1 1 2 Garnet Surface 
AH-20-Gt.11  3 2 1 2 Garnet Surface 
AH-20-Gt.12  2 3 1 2 Garnet Surface 
AH-20-Gt.13  2 2 1 2 Garnet Surface 
AH-20-Gt.14  1 3 1 2 Garnet Surface 
AH-20-Gt.15  1 1 1 2 Garnet Surface 
AH-20-Gt.16  2 3 1 2 Garnet Surface 
AH-20-Gt.17  3 3 1 2 Garnet Surface 
AH-20-Gt.18  3 3 1 2 Garnet Surface 
AH-20-Gt.19  3 4 1 2 Garnet Surface 
AH-20-Gt.2  2 3 1 2 Garnet Surface 
AH-20-Gt.20  4 3 1 2 Garnet Surface 
AH-20-Gt.21  3 4 1 2 Garnet Surface 
AH-20-Gt.3  2 1 1 2 Garnet Surface 
AH-20-Gt.4  2 3 1 2 Garnet Surface 
AH-20-Gt.5  2 2 1 2 Garnet Surface 
AH-20-Gt.6  1 5 1 2 Garnet Surface 
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AH-20-Gt.7  2 4 1 2 Garnet Surface 
AH-20-Gt.8  3 2 1 2 Garnet Surface 
AH-20-Gt.9  1 1 1 2 Garnet Surface 
AH-20-Gt 21 2.2 2.7     
AH-23-Gt.1  1 3 1 2 Garnet Surface 
AH-23-Gt.10  3 5 1 2 Garnet Surface 
AH-23-Gt.11  4 5 1 2 Garnet Surface 
AH-23-Gt.12  2 1 1 2 Garnet Surface 
AH-23-Gt.13  3 2 1 2 Garnet Surface 
AH-23-Gt.14  1 4 1 2 Garnet Surface 
AH-23-Gt.15  2 3 1 2 Garnet Surface 
AH-23-Gt.16  2 1 1 2 Garnet Surface 
AH-23-Gt.17  2 3 1 2 Garnet Surface 
AH-23-Gt.18  3 5 1 2 Garnet Surface 
AH-23-Gt.19  4 3 1 2 Garnet Surface 
AH-23-Gt.2  3 2 1 2 Garnet Surface 
AH-23-Gt.20  1 2 1 2 Garnet Surface 
AH-23-Gt.3  3 4 1 2 Garnet Surface 
AH-23-Gt.4  1 4 1 2 Garnet Surface 
AH-23-Gt.5  4 2 1 2 Garnet Surface 
AH-23-Gt.6  2 3 1 2 Garnet Surface 
AH-23-Gt.7  4 3 1 2 Garnet Surface 
AH-23-Gt.8  3 2 1 2 Garnet Surface 
AH-23-Gt.9  3 2 1 2 Garnet Surface 
AH-23-Gt 20 2.6 3.0     
AH-24-Gt.1  3 2 1 2 Garnet Surface 
AH-24-Gt.10  2 3 1 2 Garnet Surface 
AH-24-Gt.11  1 3 1 2 Garnet Surface 
AH-24-Gt.12  2 2 1 2 Garnet Surface 
AH-24-Gt.13  3 4 1 2 Garnet Surface 
AH-24-Gt.14  1 2 1 2 Garnet Surface 
AH-24-Gt.15  1 2 1 2 Garnet Surface 
AH-24-Gt.16  1 3 1 2 Garnet Surface 
AH-24-Gt.17  1 3 1 2 Garnet Surface 
AH-24-Gt.18  4 3 1 2 Garnet Surface 
AH-24-Gt.19  3 1 1 2 Garnet Surface 
AH-24-Gt.2  1 3 1 2 Garnet Surface 
AH-24-Gt.20  1 2 1 2 Garnet Surface 
AH-24-Gt.3  4 4 1 2 Garnet Surface 
AH-24-Gt.4  3 4 1 2 Garnet Surface 
AH-24-Gt.5  3 3 1 2 Garnet Surface 
AH-24-Gt.6  3 5 1 2 Garnet Surface 
AH-24-Gt.7  3 1 1 2 Garnet Surface 
AH-24-Gt.8  3 3 1 2 Garnet Surface 
AH-24-Gt.9  2 1 1 2 Garnet Surface 
AH-24-Gt 20 2.3 2.7     
AH-26-Gt.1  1 3 1 2 Garnet Surface 
AH-26-Gt.10  3 3 1 2 Garnet Surface 
AH-26-Gt.11  2 4 1 2 Garnet Surface 
AH-26-Gt.12  1 2 1 2 Garnet Surface 
AH-26-Gt.13  1 4 1 2 Garnet Surface 
AH-26-Gt.14  2 2 1 2 Garnet Surface 
AH-26-Gt.15  3 2 1 2 Garnet Surface 
AH-26-Gt.16  2 3 1 2 Garnet Surface 
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AH-26-Gt.17  5 3 1 2 Garnet Surface 
AH-26-Gt.18  1 2 1 2 Garnet Surface 
AH-26-Gt.19  2 2 1 2 Garnet Surface 
AH-26-Gt.2  3 4 1 2 Garnet Surface 
AH-26-Gt.20  3 5 1 2 Garnet Surface 
AH-26-Gt.3  4 2 1 2 Garnet Surface 
AH-26-Gt.4  1 2 1 2 Garnet Surface 
AH-26-Gt.5  3 4 1 2 Garnet Surface 
AH-26-Gt.6  2 3 1 2 Garnet Surface 
AH-26-Gt.7  2 3 1 2 Garnet Surface 
AH-26-Gt.8  1 3 1 2 Garnet Surface 
AH-26-Gt.9  3 5 1 2 Garnet Surface 
AH-26-Gt 20 2.3 3.1     
AH-27-Gt.1  2 2 2 3 Garnet Surface 
AH-27-Gt.10  4 5 2 3 Garnet Surface 
AH-27-Gt.11  1 2 2 3 Garnet Surface 
AH-27-Gt.12  4 2 2 3 Garnet Surface 
AH-27-Gt.13  3 3 2 3 Garnet Surface 
AH-27-Gt.14  4 3 2 3 Garnet Surface 
AH-27-Gt.15  1 2 2 3 Garnet Surface 
AH-27-Gt.16  3 2 2 3 Garnet Surface 
AH-27-Gt.17  3 3 2 3 Garnet Surface 
AH-27-Gt.18  1 1 2 3 Garnet Surface 
AH-27-Gt.19  1 2 2 3 Garnet Surface 
AH-27-Gt.2  2 3 2 3 Garnet Surface 
AH-27-Gt.20  2 2 2 3 Garnet Surface 
AH-27-Gt.3  3 4 2 3 Garnet Surface 
AH-27-Gt.4  3 3 2 3 Garnet Surface 
AH-27-Gt.5  1 3 2 3 Garnet Surface 
AH-27-Gt.6  3 3 2 3 Garnet Surface 
AH-27-Gt.7  4 4 2 3 Garnet Surface 
AH-27-Gt.8  1 2 2 3 Garnet Surface 
AH-27-Gt.9  1 1 2 3 Garnet Surface 
AH-27-Gt 20 2.4 2.6     
AH-28-Gt.1  2 1 2 1 Garnet 10 cm 
AH-28-Gt.10  2 4 2 1 Garnet 10 cm 
AH-28-Gt.11  2 3 2 1 Garnet 10 cm 
AH-28-Gt.12  3 1 2 1 Garnet 10 cm 
AH-28-Gt.13  2 2 2 1 Garnet 10 cm 
AH-28-Gt.14  3 3 2 1 Garnet 10 cm 
AH-28-Gt.15  3 4 2 1 Garnet 10 cm 
AH-28-Gt.16  1 3 2 1 Garnet 10 cm 
AH-28-Gt.17  3 2 2 1 Garnet 10 cm 
AH-28-Gt.18  2 2 2 1 Garnet 10 cm 
AH-28-Gt.19  2 2 2 1 Garnet 10 cm 
AH-28-Gt.2  2 2 2 1 Garnet 10 cm 
AH-28-Gt.20  2 1 2 1 Garnet 10 cm 
AH-28-Gt.3  2 3 2 1 Garnet 10 cm 
AH-28-Gt.4  1 2 2 1 Garnet 10 cm 
AH-28-Gt.5  3 3 2 1 Garnet 10 cm 
AH-28-Gt.6  2 1 2 1 Garnet 10 cm 
AH-28-Gt.7  2 1 2 1 Garnet 10 cm 
AH-28-Gt.8  3 3 2 1 Garnet 10 cm 
AH-28-Gt.9  2 2 2 1 Garnet 10 cm 
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AH-28-Gt 20 2.2 2.3     
AH-29-Gt.1  2 4 2 3 Garnet Surface 
AH-29-Gt.10  3 3 2 3 Garnet Surface 
AH-29-Gt.11  1 1 2 3 Garnet Surface 
AH-29-Gt.12  3 5 2 3 Garnet Surface 
AH-29-Gt.13  3 3 2 3 Garnet Surface 
AH-29-Gt.14  3 2 2 3 Garnet Surface 
AH-29-Gt.15  3 2 2 3 Garnet Surface 
AH-29-Gt.16  1 4 2 3 Garnet Surface 
AH-29-Gt.17  3 2 2 3 Garnet Surface 
AH-29-Gt.18  3 3 2 3 Garnet Surface 
AH-29-Gt.19  4 4 2 3 Garnet Surface 
AH-29-Gt.2  4 3 2 3 Garnet Surface 
AH-29-Gt.20  1 2 2 3 Garnet Surface 
AH-29-Gt.3  3 4 2 3 Garnet Surface 
AH-29-Gt.4  3 5 2 3 Garnet Surface 
AH-29-Gt.5  3 3 2 3 Garnet Surface 
AH-29-Gt.6  1 3 2 3 Garnet Surface 
AH-29-Gt.7  3 5 2 3 Garnet Surface 
AH-29-Gt.8  2 4 2 3 Garnet Surface 
AH-29-Gt.9  3 3 2 3 Garnet Surface 
AH-29-Gt 20 2.6 3.3     
AH-2-Gt.1  2 3 1 4 Garnet Surface 
AH-2-Gt.10  4 3 1 4 Garnet Surface 
AH-2-Gt.11  2 1 1 4 Garnet Surface 
AH-2-Gt.12  3 1 1 4 Garnet Surface 
AH-2-Gt.13  3 2 1 4 Garnet Surface 
AH-2-Gt.14  4 2 1 4 Garnet Surface 
AH-2-Gt.15  1 4 1 4 Garnet Surface 
AH-2-Gt.16  4 2 1 4 Garnet Surface 
AH-2-Gt.17  3 3 1 4 Garnet Surface 
AH-2-Gt.18  5 4 1 4 Garnet Surface 
AH-2-Gt.19  4 3 1 4 Garnet Surface 
AH-2-Gt.2  4 3 1 4 Garnet Surface 
AH-2-Gt.20  1 1 1 4 Garnet Surface 
AH-2-Gt.3  4 3 1 4 Garnet Surface 
AH-2-Gt.4  3 3 1 4 Garnet Surface 
AH-2-Gt.5  3 2 1 4 Garnet Surface 
AH-2-Gt.6  2 2 1 4 Garnet Surface 
AH-2-Gt.7  4 3 1 4 Garnet Surface 
AH-2-Gt.8  4 2 1 4 Garnet Surface 
AH-2-Gt.9  4 2 1 4 Garnet Surface 
AH-2-Gt 20 3.2 2.5     
AH-30-Gt.1  3 3 2 3 Garnet 10 cm 
AH-30-Gt.10  3 5 2 3 Garnet 10 cm 
AH-30-Gt.11  3 4 2 3 Garnet 10 cm 
AH-30-Gt.12  2 4 2 3 Garnet 10 cm 
AH-30-Gt.13  4 5 2 3 Garnet 10 cm 
AH-30-Gt.14  2 4 2 3 Garnet 10 cm 
AH-30-Gt.15  3 4 2 3 Garnet 10 cm 
AH-30-Gt.16  3 4 2 3 Garnet 10 cm 
AH-30-Gt.17  1 1 2 3 Garnet 10 cm 
AH-30-Gt.18  3 3 2 3 Garnet 10 cm 
AH-30-Gt.19  2 5 2 3 Garnet 10 cm 
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AH-30-Gt.2  3 3 2 3 Garnet 10 cm 
AH-30-Gt.20  1 4 2 3 Garnet 10 cm 
AH-30-Gt.3  2 1 2 3 Garnet 10 cm 
AH-30-Gt.4  4 5 2 3 Garnet 10 cm 
AH-30-Gt.5  3 3 2 3 Garnet 10 cm 
AH-30-Gt.6  3 4 2 3 Garnet 10 cm 
AH-30-Gt.7  4 4 2 3 Garnet 10 cm 
AH-30-Gt.8  3 5 2 3 Garnet 10 cm 
AH-30-Gt.9  5 5 2 3 Garnet 10 cm 
AH-30-Gt 20 2.9 3.8     
AH-31-Gt.1  2 2 2 3 Garnet Surface 
AH-31-Gt.10  3 3 2 3 Garnet Surface 
AH-31-Gt.11  3 2 2 3 Garnet Surface 
AH-31-Gt.12  3 4 2 3 Garnet Surface 
AH-31-Gt.13  3 2 2 3 Garnet Surface 
AH-31-Gt.14  3 2 2 3 Garnet Surface 
AH-31-Gt.15  3 4 2 3 Garnet Surface 
AH-31-Gt.16  3 2 2 3 Garnet Surface 
AH-31-Gt.17  3 5 2 3 Garnet Surface 
AH-31-Gt.18  2 4 2 3 Garnet Surface 
AH-31-Gt.19  2 3 2 3 Garnet Surface 
AH-31-Gt.2  1 2 2 3 Garnet Surface 
AH-31-Gt.20  2 2 2 3 Garnet Surface 
AH-31-Gt.3  2 4 2 3 Garnet Surface 
AH-31-Gt.4  4 4 2 3 Garnet Surface 
AH-31-Gt.5  2 1 2 3 Garnet Surface 
AH-31-Gt.6  1 3 2 3 Garnet Surface 
AH-31-Gt.7  2 3 2 3 Garnet Surface 
AH-31-Gt.8  2 4 2 3 Garnet Surface 
AH-31-Gt.9  1 1 2 3 Garnet Surface 
AH-31-Gt 20 2.4 2.9     
AH-32-Gt.1  2 3 2 3 Garnet 10 cm 
AH-32-Gt.10  3 3 2 3 Garnet 10 cm 
AH-32-Gt.11  1 4 2 3 Garnet 10 cm 
AH-32-Gt.12  2 3 2 3 Garnet 10 cm 
AH-32-Gt.13  2 3 2 3 Garnet 10 cm 
AH-32-Gt.14  1 3 2 3 Garnet 10 cm 
AH-32-Gt.15  3 5 2 3 Garnet 10 cm 
AH-32-Gt.16  4 3 2 3 Garnet 10 cm 
AH-32-Gt.17  3 5 2 3 Garnet 10 cm 
AH-32-Gt.18  2 3 2 3 Garnet 10 cm 
AH-32-Gt.19  2 5 2 3 Garnet 10 cm 
AH-32-Gt.2  3 4 2 3 Garnet 10 cm 
AH-32-Gt.20  1 3 2 3 Garnet 10 cm 
AH-32-Gt.21  2 4 2 3 Garnet 10 cm 
AH-32-Gt.3  4 4 2 3 Garnet 10 cm 
AH-32-Gt.4  2 3 2 3 Garnet 10 cm 
AH-32-Gt.5  1 2 2 3 Garnet 10 cm 
AH-32-Gt.6  2 5 2 3 Garnet 10 cm 
AH-32-Gt.7  2 5 2 3 Garnet 10 cm 
AH-32-Gt.8  3 4 2 3 Garnet 10 cm 
AH-32-Gt.9  3 3 2 3 Garnet 10 cm 
AH-32-Gt 21 2.3 3.7     
AH-33-Gt.1  1 2 2 3 Garnet Surface 
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AH-33-Gt.10  3 3 2 3 Garnet Surface 
AH-33-Gt.11  1 3 2 3 Garnet Surface 
AH-33-Gt.12  2 1 2 3 Garnet Surface 
AH-33-Gt.13  3 3 2 3 Garnet Surface 
AH-33-Gt.14  2 3 2 3 Garnet Surface 
AH-33-Gt.15  4 3 2 3 Garnet Surface 
AH-33-Gt.16  2 2 2 3 Garnet Surface 
AH-33-Gt.17  2 3 2 3 Garnet Surface 
AH-33-Gt.18  2 4 2 3 Garnet Surface 
AH-33-Gt.19  1 1 2 3 Garnet Surface 
AH-33-Gt.2  2 4 2 3 Garnet Surface 
AH-33-Gt.20  2 2 2 3 Garnet Surface 
AH-33-Gt.3  3 4 2 3 Garnet Surface 
AH-33-Gt.4  1 2 2 3 Garnet Surface 
AH-33-Gt.5  2 3 2 3 Garnet Surface 
AH-33-Gt.6  2 3 2 3 Garnet Surface 
AH-33-Gt.7  3 3 2 3 Garnet Surface 
AH-33-Gt.8  1 1 2 3 Garnet Surface 
AH-33-Gt.9  3 4 2 3 Garnet Surface 
AH-33-Gt 20 2.1 2.7     
AH-34-Gt.1  3 4 2 3 Garnet 10 cm 
AH-34-Gt.10  1 1 2 3 Garnet 10 cm 
AH-34-Gt.11  1 2 2 3 Garnet 10 cm 
AH-34-Gt.12  4 2 2 3 Garnet 10 cm 
AH-34-Gt.13  2 3 2 3 Garnet 10 cm 
AH-34-Gt.14  1 2 2 3 Garnet 10 cm 
AH-34-Gt.15  1 2 2 3 Garnet 10 cm 
AH-34-Gt.16  1 1 2 3 Garnet 10 cm 
AH-34-Gt.17  3 3 2 3 Garnet 10 cm 
AH-34-Gt.18  1 1 2 3 Garnet 10 cm 
AH-34-Gt.19  2 3 2 3 Garnet 10 cm 
AH-34-Gt.2  2 2 2 3 Garnet 10 cm 
AH-34-Gt.20  3 4 2 3 Garnet 10 cm 
AH-34-Gt.3  3 3 2 3 Garnet 10 cm 
AH-34-Gt.4  2 4 2 3 Garnet 10 cm 
AH-34-Gt.5  1 2 2 3 Garnet 10 cm 
AH-34-Gt.6  2 2 2 3 Garnet 10 cm 
AH-34-Gt.7  2 3 2 3 Garnet 10 cm 
AH-34-Gt.8  1 3 2 3 Garnet 10 cm 
AH-34-Gt.9  3 4 2 3 Garnet 10 cm 
AH-34-Gt 20 2.0 2.6     
AH-5-Gt.1  3 5 1 2 Garnet Surface 
AH-5-Gt.10  4 5 1 2 Garnet Surface 
AH-5-Gt.11  4 5 1 2 Garnet Surface 
AH-5-Gt.12  2 5 1 2 Garnet Surface 
AH-5-Gt.13  4 3 1 2 Garnet Surface 
AH-5-Gt.14  3 5 1 2 Garnet Surface 
AH-5-Gt.15  2 5 1 2 Garnet Surface 
AH-5-Gt.16  1 5 1 2 Garnet Surface 
AH-5-Gt.17  3 3 1 2 Garnet Surface 
AH-5-Gt.18  3 3 1 2 Garnet Surface 
AH-5-Gt.19  3 4 1 2 Garnet Surface 
AH-5-Gt.2  2 2 1 2 Garnet Surface 
AH-5-Gt.20  2 5 1 2 Garnet Surface 
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AH-5-Gt.3  2 4 1 2 Garnet Surface 
AH-5-Gt.4  1 3 1 2 Garnet Surface 
AH-5-Gt.5  2 4 1 2 Garnet Surface 
AH-5-Gt.6  4 3 1 2 Garnet Surface 
AH-5-Gt.7  4 5 1 2 Garnet Surface 
AH-5-Gt.8  3 4 1 2 Garnet Surface 
AH-5-Gt.9  1 2 1 2 Garnet Surface 
AH-5-Gt 20 2.7 4     
AH-6-Gt.1  2 5 1 2 Garnet Surface 
AH-6-Gt.10  4 5 1 2 Garnet Surface 
AH-6-Gt.11  1 5 1 2 Garnet Surface 
AH-6-Gt.12  3 2 1 2 Garnet Surface 
AH-6-Gt.13  5 4 1 2 Garnet Surface 
AH-6-Gt.14  2 5 1 2 Garnet Surface 
AH-6-Gt.15  3 5 1 2 Garnet Surface 
AH-6-Gt.16  4 4 1 2 Garnet Surface 
AH-6-Gt.17  3 5 1 2 Garnet Surface 
AH-6-Gt.18  2 5 1 2 Garnet Surface 
AH-6-Gt.19  2 4 1 2 Garnet Surface 
AH-6-Gt.2  2 5 1 2 Garnet Surface 
AH-6-Gt.20  4 5 1 2 Garnet Surface 
AH-6-Gt.3  2 5 1 2 Garnet Surface 
AH-6-Gt.4  5 5 1 2 Garnet Surface 
AH-6-Gt.5  1 5 1 2 Garnet Surface 
AH-6-Gt.6  2 2 1 2 Garnet Surface 
AH-6-Gt.7  1 5 1 2 Garnet Surface 
AH-6-Gt.8  4 5 1 2 Garnet Surface 
AH-6-Gt.9  1 5 1 2 Garnet Surface 
AH-6-Gt 20 2.7 4.6     
AH-8-Gt.1  1 2 1 2 Garnet Surface 
AH-8-Gt.10  2 3 1 2 Garnet Surface 
AH-8-Gt.11  1 2 1 2 Garnet Surface 
AH-8-Gt.12  3 3 1 2 Garnet Surface 
AH-8-Gt.13  2 3 1 2 Garnet Surface 
AH-8-Gt.14  1 4 1 2 Garnet Surface 
AH-8-Gt.15  2 3 1 2 Garnet Surface 
AH-8-Gt.16  1 2 1 2 Garnet Surface 
AH-8-Gt.17  1 3 1 2 Garnet Surface 
AH-8-Gt.18  3 3 1 2 Garnet Surface 
AH-8-Gt.19  3 1 1 2 Garnet Surface 
AH-8-Gt.2  2 2 1 2 Garnet Surface 
AH-8-Gt.20  2 3 1 2 Garnet Surface 
AH-8-Gt.3  3 3 1 2 Garnet Surface 
AH-8-Gt.4  3 3 1 2 Garnet Surface 
AH-8-Gt.5  2 2 1 2 Garnet Surface 
AH-8-Gt.6  2 2 1 2 Garnet Surface 
AH-8-Gt.7  2 2 1 2 Garnet Surface 
AH-8-Gt.8  2 3 1 2 Garnet Surface 
AH-8-Gt.9  4 4 1 2 Garnet Surface 
AH-8-Gt 20 2.1 2.7     
AL-1-Gt.1  1 3 1 4 Garnet Surface 
AL-1-Gt.2  4 5 1 4 Garnet Surface 
AL-1-Gt.3  5 5 1 4 Garnet Surface 
AL-1-Gt.4  1 5 1 4 Garnet Surface 
 196
Grain n Roundness Etching Section Target Mineral Depth 
AL-1-Gt.5  4 5 1 4 Garnet Surface 
AL-1-Gt 5 3 4.6     
AL-2-Gt.1  2 5 1 2 Garnet Surface 
AL-2-Gt.10  3 3 1 2 Garnet Surface 
AL-2-Gt.11  1 5 1 2 Garnet Surface 
AL-2-Gt.12  2 5 1 2 Garnet Surface 
AL-2-Gt.13  2 4 1 2 Garnet Surface 
AL-2-Gt.14  2 4 1 2 Garnet Surface 
AL-2-Gt.15  2 3 1 2 Garnet Surface 
AL-2-Gt.16  3 5 1 2 Garnet Surface 
AL-2-Gt.17  1 5 1 2 Garnet Surface 
AL-2-Gt.18  2 3 1 2 Garnet Surface 
AL-2-Gt.19  2 4 1 2 Garnet Surface 
AL-2-Gt.2  3 5 1 2 Garnet Surface 
AL-2-Gt.20  3 4 1 2 Garnet Surface 
AL-2-Gt.3  3 3 1 2 Garnet Surface 
AL-2-Gt.4  3 3 1 2 Garnet Surface 
AL-2-Gt.5  5 4 1 2 Garnet Surface 
AL-2-Gt.6  4 4 1 2 Garnet Surface 
AL-2-Gt.7  2 5 1 2 Garnet Surface 
AL-2-Gt.8  3 3 1 2 Garnet Surface 
AL-2-Gt.9  3 5 1 2 Garnet Surface 
AL-2-Gt 20 2.6 4.1     
AAW-10-Ti.1  3 3 1 6 Titanite Surface 
AAW-10-Ti.10  1 2 1 6 Titanite Surface 
AAW-10-Ti.11  4 3 1 6 Titanite Surface 
AAW-10-Ti.12  4 4 1 6 Titanite Surface 
AAW-10-Ti.13  4 3 1 6 Titanite Surface 
AAW-10-Ti.14  4 5 1 6 Titanite Surface 
AAW-10-Ti.15  2 2 1 6 Titanite Surface 
AAW-10-Ti.16  2 3 1 6 Titanite Surface 
AAW-10-Ti.17  4 4 1 6 Titanite Surface 
AAW-10-Ti.18  3 4 1 6 Titanite Surface 
AAW-10-Ti.19  2 4 1 6 Titanite Surface 
AAW-10-Ti.2  1 3 1 6 Titanite Surface 
AAW-10-Ti.20  3 3 1 6 Titanite Surface 
AAW-10-Ti.3  3 2 1 6 Titanite Surface 
AAW-10-Ti.4  2 2 1 6 Titanite Surface 
AAW-10-Ti.5  4 4 1 6 Titanite Surface 
AAW-10-Ti.6  1 3 1 6 Titanite Surface 
AAW-10-Ti.7  3 2 1 6 Titanite Surface 
AAW-10-Ti.8  3 3 1 6 Titanite Surface 
AAW-10-Ti.9  3 4 1 6 Titanite Surface 
AAW-10-Ti 20 2.8 3.2     
AAW-12-Ti.1  4 3 2 1 Titanite Surface 
AAW-12-Ti.10  2 2 2 1 Titanite Surface 
AAW-12-Ti.11  3 2 2 1 Titanite Surface 
AAW-12-Ti.12  3 3 2 1 Titanite Surface 
AAW-12-Ti.13  4 4 2 1 Titanite Surface 
AAW-12-Ti.14  2 2 2 1 Titanite Surface 
AAW-12-Ti.15  3 3 2 1 Titanite Surface 
AAW-12-Ti.16  4 4 2 1 Titanite Surface 
AAW-12-Ti.17  4 3 2 1 Titanite Surface 
AAW-12-Ti.18  3 3 2 1 Titanite Surface 
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AAW-12-Ti.19  3 5 2 1 Titanite Surface 
AAW-12-Ti.2  5 4 2 1 Titanite Surface 
AAW-12-Ti.20  3 3 2 1 Titanite Surface 
AAW-12-Ti.3  3 4 2 1 Titanite Surface 
AAW-12-Ti.4  3 4 2 1 Titanite Surface 
AAW-12-Ti.5  3 3 2 1 Titanite Surface 
AAW-12-Ti.6  1 2 2 1 Titanite Surface 
AAW-12-Ti.7  3 3 2 1 Titanite Surface 
AAW-12-Ti.8  5 2 2 1 Titanite Surface 
AAW-12-Ti.9  4 4 2 1 Titanite Surface 
AAW-12-Ti 20 3.3 3.2     
AAW-13-Ti.1  3 2 1 6 Titanite Surface 
AAW-13-Ti.10  2 4 1 6 Titanite Surface 
AAW-13-Ti.11  4 3 1 6 Titanite Surface 
AAW-13-Ti.12  4 3 1 6 Titanite Surface 
AAW-13-Ti.13  3 2 1 6 Titanite Surface 
AAW-13-Ti.14  3 3 1 6 Titanite Surface 
AAW-13-Ti.15  4 4 1 6 Titanite Surface 
AAW-13-Ti.16  2 1 1 6 Titanite Surface 
AAW-13-Ti.17  2 2 1 6 Titanite Surface 
AAW-13-Ti.18  3 4 1 6 Titanite Surface 
AAW-13-Ti.19  3 2 1 6 Titanite Surface 
AAW-13-Ti.2  1 4 1 6 Titanite Surface 
AAW-13-Ti.20  3 2 1 6 Titanite Surface 
AAW-13-Ti.3  4 4 1 6 Titanite Surface 
AAW-13-Ti.4  4 3 1 6 Titanite Surface 
AAW-13-Ti.5  2 4 1 6 Titanite Surface 
AAW-13-Ti.6  4 5 1 6 Titanite Surface 
AAW-13-Ti.7  4 3 1 6 Titanite Surface 
AAW-13-Ti.8  4 4 1 6 Titanite Surface 
AAW-13-Ti.9  1 4 1 6 Titanite Surface 
AAW-13-Ti 20 3 3.2     
AAW-14-Ti.1  3 4 1 6 Titanite Surface 
AAW-14-Ti.10  3 2 1 6 Titanite Surface 
AAW-14-Ti.11  4 3 1 6 Titanite Surface 
AAW-14-Ti.12  3 3 1 6 Titanite Surface 
AAW-14-Ti.13  3 3 1 6 Titanite Surface 
AAW-14-Ti.14  3 3 1 6 Titanite Surface 
AAW-14-Ti.15  2 1 1 6 Titanite Surface 
AAW-14-Ti.16  2 3 1 6 Titanite Surface 
AAW-14-Ti.17  3 4 1 6 Titanite Surface 
AAW-14-Ti.18  3 2 1 6 Titanite Surface 
AAW-14-Ti.19  2 1 1 6 Titanite Surface 
AAW-14-Ti.2  3 3 1 6 Titanite Surface 
AAW-14-Ti.20  3 2 1 6 Titanite Surface 
AAW-14-Ti.3  3 2 1 6 Titanite Surface 
AAW-14-Ti.4  4 5 1 6 Titanite Surface 
AAW-14-Ti.5  3 3 1 6 Titanite Surface 
AAW-14-Ti.6  2 1 1 6 Titanite Surface 
AAW-14-Ti.7  3 3 1 6 Titanite Surface 
AAW-14-Ti.8  4 5 1 6 Titanite Surface 
AAW-14-Ti.9  3 2 1 6 Titanite Surface 
AAW-14-Ti 20 3.0 2.8     
AAW-16-Ti.1  3 4 1 6 Titanite Surface 
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AAW-16-Ti.10  3 3 1 6 Titanite Surface 
AAW-16-Ti.11  4 4 1 6 Titanite Surface 
AAW-16-Ti.12  3 2 1 6 Titanite Surface 
AAW-16-Ti.13  3 3 1 6 Titanite Surface 
AAW-16-Ti.14  3 3 1 6 Titanite Surface 
AAW-16-Ti.15  3 4 1 6 Titanite Surface 
AAW-16-Ti.16  3 5 1 6 Titanite Surface 
AAW-16-Ti.17  3 3 1 6 Titanite Surface 
AAW-16-Ti.18  3 2 1 6 Titanite Surface 
AAW-16-Ti.19  2 3 1 6 Titanite Surface 
AAW-16-Ti.2  3 4 1 6 Titanite Surface 
AAW-16-Ti.20  2 2 1 6 Titanite Surface 
AAW-16-Ti.3  1 2 1 6 Titanite Surface 
AAW-16-Ti.4  2 4 1 6 Titanite Surface 
AAW-16-Ti.5  3 4 1 6 Titanite Surface 
AAW-16-Ti.6  1 1 1 6 Titanite Surface 
AAW-16-Ti.7  2 2 1 6 Titanite Surface 
AAW-16-Ti.8  4 1 1 6 Titanite Surface 
AAW-16-Ti.9  2 3 1 6 Titanite Surface 
AAW-16-Ti 20 2.7 3.0     
AAW-18-Ti.1  4 3 2 1 Titanite Surface 
AAW-18-Ti.10  4 4 2 1 Titanite Surface 
AAW-18-Ti.11  2 1 2 1 Titanite Surface 
AAW-18-Ti.12  3 2 2 1 Titanite Surface 
AAW-18-Ti.13  3 4 2 1 Titanite Surface 
AAW-18-Ti.14  3 3 2 1 Titanite Surface 
AAW-18-Ti.15  3 2 2 1 Titanite Surface 
AAW-18-Ti.16  4 3 2 1 Titanite Surface 
AAW-18-Ti.17  5 4 2 1 Titanite Surface 
AAW-18-Ti.18  3 3 2 1 Titanite Surface 
AAW-18-Ti.19  3 3 2 1 Titanite Surface 
AAW-18-Ti.2  3 4 2 1 Titanite Surface 
AAW-18-Ti.20  4 4 2 1 Titanite Surface 
AAW-18-Ti.3  2 1 2 1 Titanite Surface 
AAW-18-Ti.4  5 5 2 1 Titanite Surface 
AAW-18-Ti.5  3 3 2 1 Titanite Surface 
AAW-18-Ti.6  2 3 2 1 Titanite Surface 
AAW-18-Ti.7  3 3 2 1 Titanite Surface 
AAW-18-Ti.8  3 1 2 1 Titanite Surface 
AAW-18-Ti.9  3 3 2 1 Titanite Surface 
AAW-18-Ti 20 3.3 3.0     
AAW-20-Ti.1  2 4 1 6 Titanite Surface 
AAW-20-Ti.10  2 3 1 6 Titanite Surface 
AAW-20-Ti.11  2 3 1 6 Titanite Surface 
AAW-20-Ti.12  4 1 1 6 Titanite Surface 
AAW-20-Ti.13  3 3 1 6 Titanite Surface 
AAW-20-Ti.14  3 3 1 6 Titanite Surface 
AAW-20-Ti.15  2 3 1 6 Titanite Surface 
AAW-20-Ti.16  3 3 1 6 Titanite Surface 
AAW-20-Ti.17  2 5 1 6 Titanite Surface 
AAW-20-Ti.18  4 2 1 6 Titanite Surface 
AAW-20-Ti.19  3 3 1 6 Titanite Surface 
AAW-20-Ti.2  3 2 1 6 Titanite Surface 
AAW-20-Ti.20  3 5 1 6 Titanite Surface 
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AAW-20-Ti.21  3 3 1 6 Titanite Surface 
AAW-20-Ti.3  1 3 1 6 Titanite Surface 
AAW-20-Ti.4  4 3 1 6 Titanite Surface 
AAW-20-Ti.5  5 3 1 6 Titanite Surface 
AAW-20-Ti.6  3 3 1 6 Titanite Surface 
AAW-20-Ti.7  3 5 1 6 Titanite Surface 
AAW-20-Ti.8  2 4 1 6 Titanite Surface 
AAW-20-Ti.9  1 4 1 6 Titanite Surface 
AAW-20-Ti 21 2.8 3.2     
AAW-22-Ti.1  3 2 1 6 Titanite Surface 
AAW-22-Ti.10  3 5 1 6 Titanite Surface 
AAW-22-Ti.11  3 1 1 6 Titanite Surface 
AAW-22-Ti.12  3 3 1 6 Titanite Surface 
AAW-22-Ti.13  4 2 1 6 Titanite Surface 
AAW-22-Ti.14  3 3 1 6 Titanite Surface 
AAW-22-Ti.15  2 3 1 6 Titanite Surface 
AAW-22-Ti.16  3 4 1 6 Titanite Surface 
AAW-22-Ti.17  4 3 1 6 Titanite Surface 
AAW-22-Ti.18  3 4 1 6 Titanite Surface 
AAW-22-Ti.19  3 2 1 6 Titanite Surface 
AAW-22-Ti.2  1 3 1 6 Titanite Surface 
AAW-22-Ti.20  3 2 1 6 Titanite Surface 
AAW-22-Ti.3  4 2 1 6 Titanite Surface 
AAW-22-Ti.4  3 3 1 6 Titanite Surface 
AAW-22-Ti.5  3 3 1 6 Titanite Surface 
AAW-22-Ti.6  4 2 1 6 Titanite Surface 
AAW-22-Ti.7  2 3 1 6 Titanite Surface 
AAW-22-Ti.8  3 3 1 6 Titanite Surface 
AAW-22-Ti.9  3 4 1 6 Titanite Surface 
AAW-22-Ti 20 3 2.9     
AAW-24-Ti.1  3 4 2 1 Titanite Surface 
AAW-24-Ti.10  2 2 2 1 Titanite Surface 
AAW-24-Ti.11  2 1 2 1 Titanite Surface 
AAW-24-Ti.12  2 2 2 1 Titanite Surface 
AAW-24-Ti.13  4 5 2 1 Titanite Surface 
AAW-24-Ti.14  3 4 2 1 Titanite Surface 
AAW-24-Ti.15  2 2 2 1 Titanite Surface 
AAW-24-Ti.16  3 4 2 1 Titanite Surface 
AAW-24-Ti.17  2 2 2 1 Titanite Surface 
AAW-24-Ti.18  4 3 2 1 Titanite Surface 
AAW-24-Ti.19  3 2 2 1 Titanite Surface 
AAW-24-Ti.2  1 3 2 1 Titanite Surface 
AAW-24-Ti.3  2 5 2 1 Titanite Surface 
AAW-24-Ti.4  3 4 2 1 Titanite Surface 
AAW-24-Ti.5  2 5 2 1 Titanite Surface 
AAW-24-Ti.6  3 2 2 1 Titanite Surface 
AAW-24-Ti.7  3 5 2 1 Titanite Surface 
AAW-24-Ti.8  4 3 2 1 Titanite Surface 
AAW-24-Ti.9  3 3 2 1 Titanite Surface 
AAW-24-Ti 19 2.7 3.2     
AAW-25-Ti.1  4 3 1 6 Titanite Surface 
AAW-25-Ti.10  3 3 1 6 Titanite Surface 
AAW-25-Ti.11  5 4 1 6 Titanite Surface 
AAW-25-Ti.12  1 1 1 6 Titanite Surface 
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AAW-25-Ti.13  2 3 1 6 Titanite Surface 
AAW-25-Ti.14  3 2 1 6 Titanite Surface 
AAW-25-Ti.15  2 3 1 6 Titanite Surface 
AAW-25-Ti.16  2 2 1 6 Titanite Surface 
AAW-25-Ti.17  3 2 1 6 Titanite Surface 
AAW-25-Ti.18  3 2 1 6 Titanite Surface 
AAW-25-Ti.19  3 4 1 6 Titanite Surface 
AAW-25-Ti.2  3 2 1 6 Titanite Surface 
AAW-25-Ti.20  3 4 1 6 Titanite Surface 
AAW-25-Ti.3  3 2 1 6 Titanite Surface 
AAW-25-Ti.4  3 3 1 6 Titanite Surface 
AAW-25-Ti.5  4 1 1 6 Titanite Surface 
AAW-25-Ti.6  2 3 1 6 Titanite Surface 
AAW-25-Ti.7  2 5 1 6 Titanite Surface 
AAW-25-Ti.8  3 3 1 6 Titanite Surface 
AAW-25-Ti.9  4 2 1 6 Titanite Surface 
AAW-25-Ti 20 2.9 2.7     
AAW-2-Ti.1  5 5 1 6 Titanite Surface 
AAW-2-Ti.1  3 4 2 2 Titanite Surface 
AAW-2-Ti.10  4 4 1 6 Titanite Surface 
AAW-2-Ti.10  2 5 2 2 Titanite Surface 
AAW-2-Ti.11  2 1 1 6 Titanite Surface 
AAW-2-Ti.12  3 4 1 6 Titanite Surface 
AAW-2-Ti.13  4 3 1 6 Titanite Surface 
AAW-2-Ti.14  2 4 1 6 Titanite Surface 
AAW-2-Ti.15  4 4 1 6 Titanite Surface 
AAW-2-Ti.16  4 4 1 6 Titanite Surface 
AAW-2-Ti.17  4 3 1 6 Titanite Surface 
AAW-2-Ti.18  1 4 1 6 Titanite Surface 
AAW-2-Ti.19  3 2 1 6 Titanite Surface 
AAW-2-Ti.2  2 2 1 6 Titanite Surface 
AAW-2-Ti.2  3 4 2 2 Titanite Surface 
AAW-2-Ti.20  2 2 1 6 Titanite Surface 
AAW-2-Ti.21  4 5 1 6 Titanite Surface 
AAW-2-Ti.3  2 5 1 6 Titanite Surface 
AAW-2-Ti.3  1 1 2 2 Titanite Surface 
AAW-2-Ti.4  2 5 1 6 Titanite Surface 
AAW-2-Ti.4  3 3 2 2 Titanite Surface 
AAW-2-Ti.5  3 5 1 6 Titanite Surface 
AAW-2-Ti.5  3 4 2 2 Titanite Surface 
AAW-2-Ti.6  2 5 1 6 Titanite Surface 
AAW-2-Ti.6  3 4 2 2 Titanite Surface 
AAW-2-Ti.7  3 5 1 6 Titanite Surface 
AAW-2-Ti.7  3 3 2 2 Titanite Surface 
AAW-2-Ti.8  4 5 1 6 Titanite Surface 
AAW-2-Ti.8  2 2 2 2 Titanite Surface 
AAW-2-Ti.9  4 4 1 6 Titanite Surface 
AAW-2-Ti.9  4 4 2 2 Titanite Surface 
AAW-2-Ti 31 2.9 3.7     
AAW-4-Ti.1  3 5 1 6 Titanite Surface 
AAW-4-Ti.10  4 4 1 6 Titanite Surface 
AAW-4-Ti.11  3 4 1 6 Titanite Surface 
AAW-4-Ti.12  4 3 1 6 Titanite Surface 
AAW-4-Ti.13  2 4 1 6 Titanite Surface 
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AAW-4-Ti.14  3 2 1 6 Titanite Surface 
AAW-4-Ti.15  3 1 1 6 Titanite Surface 
AAW-4-Ti.16  3 4 1 6 Titanite Surface 
AAW-4-Ti.17  4 4 1 6 Titanite Surface 
AAW-4-Ti.18  3 2 1 6 Titanite Surface 
AAW-4-Ti.19  2 3 1 6 Titanite Surface 
AAW-4-Ti.2  4 3 1 6 Titanite Surface 
AAW-4-Ti.20  2 3 1 6 Titanite Surface 
AAW-4-Ti.3  3 3 1 6 Titanite Surface 
AAW-4-Ti.4  5 4 1 6 Titanite Surface 
AAW-4-Ti.5  2 3 1 6 Titanite Surface 
AAW-4-Ti.6  5 5 1 6 Titanite Surface 
AAW-4-Ti.7  3 2 1 6 Titanite Surface 
AAW-4-Ti.8  2 4 1 6 Titanite Surface 
AAW-4-Ti.9  3 3 1 6 Titanite Surface 
AAW-4-Ti 20 3.2 3.3     
AAW-6-Ti.1  3 2 2 1 Titanite Surface 
AAW-6-Ti.10  3 4 2 1 Titanite Surface 
AAW-6-Ti.11  1 3 2 1 Titanite Surface 
AAW-6-Ti.12  3 5 2 1 Titanite Surface 
AAW-6-Ti.13  1 3 2 1 Titanite Surface 
AAW-6-Ti.14  3 5 2 1 Titanite Surface 
AAW-6-Ti.15  2 5 2 1 Titanite Surface 
AAW-6-Ti.16  2 3 2 1 Titanite Surface 
AAW-6-Ti.17  3 5 2 1 Titanite Surface 
AAW-6-Ti.18  3 4 2 1 Titanite Surface 
AAW-6-Ti.19  2 4 2 1 Titanite Surface 
AAW-6-Ti.2  3 5 2 1 Titanite Surface 
AAW-6-Ti.3  3 2 2 1 Titanite Surface 
AAW-6-Ti.4  3 5 2 1 Titanite Surface 
AAW-6-Ti.5  2 3 2 1 Titanite Surface 
AAW-6-Ti.6  2 4 2 1 Titanite Surface 
AAW-6-Ti.7  3 4 2 1 Titanite Surface 
AAW-6-Ti.8  5 5 2 1 Titanite Surface 
AAW-6-Ti.9  3 4 2 1 Titanite Surface 
AAW-6-Ti 19 2.6 3.9     
AAW-8-Ti.1  3 3 1 6 Titanite Surface 
AAW-8-Ti.10  4 4 1 6 Titanite Surface 
AAW-8-Ti.11  4 5 1 6 Titanite Surface 
AAW-8-Ti.12  4 3 1 6 Titanite Surface 
AAW-8-Ti.13  3 2 1 6 Titanite Surface 
AAW-8-Ti.14  5 4 1 6 Titanite Surface 
AAW-8-Ti.15  3 4 1 6 Titanite Surface 
AAW-8-Ti.16  3 4 1 6 Titanite Surface 
AAW-8-Ti.17  3 2 1 6 Titanite Surface 
AAW-8-Ti.18  1 3 1 6 Titanite Surface 
AAW-8-Ti.19  1 3 1 6 Titanite Surface 
AAW-8-Ti.2  4 4 1 6 Titanite Surface 
AAW-8-Ti.20  4 3 1 6 Titanite Surface 
AAW-8-Ti.3  3 3 1 6 Titanite Surface 
AAW-8-Ti.4  5 5 1 6 Titanite Surface 
AAW-8-Ti.5  3 3 1 6 Titanite Surface 
AAW-8-Ti.6  3 3 1 6 Titanite Surface 
AAW-8-Ti.7  4 4 1 6 Titanite Surface 
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AAW-8-Ti.8  4 5 1 6 Titanite Surface 
AAW-8-Ti.9  2 3 1 6 Titanite Surface 
AAW-8-Ti 20 3.3 3.5     
AH-10-Ti.1  3 3 2 4 Titanite Surface 
AH-10-Ti.10  2 3 2 4 Titanite Surface 
AH-10-Ti.11  2 2 2 4 Titanite Surface 
AH-10-Ti.12  3 4 2 4 Titanite Surface 
AH-10-Ti.13  4 2 2 4 Titanite Surface 
AH-10-Ti.14  2 3 2 4 Titanite Surface 
AH-10-Ti.15  3 3 2 4 Titanite Surface 
AH-10-Ti.16  4 4 2 4 Titanite Surface 
AH-10-Ti.17  4 3 2 4 Titanite Surface 
AH-10-Ti.18  1 2 2 4 Titanite Surface 
AH-10-Ti.19  3 2 2 4 Titanite Surface 
AH-10-Ti.2  2 4 2 4 Titanite Surface 
AH-10-Ti.20  2 5 2 4 Titanite Surface 
AH-10-Ti.3  3 4 2 4 Titanite Surface 
AH-10-Ti.4  3 2 2 4 Titanite Surface 
AH-10-Ti.5  3 3 2 4 Titanite Surface 
AH-10-Ti.6  3 5 2 4 Titanite Surface 
AH-10-Ti.7  2 5 2 4 Titanite Surface 
AH-10-Ti.8  2 2 2 4 Titanite Surface 
AH-10-Ti.9  1 5 2 4 Titanite Surface 
AH-10-Ti 20 2.6 3.3     
AH-12-Ti.1  3 4 2 4 Titanite Surface 
AH-12-Ti.10  1 3 2 4 Titanite Surface 
AH-12-Ti.11  3 4 2 4 Titanite Surface 
AH-12-Ti.12  2 4 2 4 Titanite Surface 
AH-12-Ti.13  3 5 2 4 Titanite Surface 
AH-12-Ti.14  3 2 2 4 Titanite Surface 
AH-12-Ti.15  3 5 2 4 Titanite Surface 
AH-12-Ti.16  3 4 2 4 Titanite Surface 
AH-12-Ti.17  3 5 2 4 Titanite Surface 
AH-12-Ti.18  2 2 2 4 Titanite Surface 
AH-12-Ti.19  2 4 2 4 Titanite Surface 
AH-12-Ti.2  3 4 2 4 Titanite Surface 
AH-12-Ti.20  1 4 2 4 Titanite Surface 
AH-12-Ti.21  3 2 2 4 Titanite Surface 
AH-12-Ti.3  1 2 2 4 Titanite Surface 
AH-12-Ti.4  3 5 2 4 Titanite Surface 
AH-12-Ti.5  2 4 2 4 Titanite Surface 
AH-12-Ti.6  2 1 2 4 Titanite Surface 
AH-12-Ti.7  3 4 2 4 Titanite Surface 
AH-12-Ti.8  3 4 2 4 Titanite Surface 
AH-12-Ti.9  2 3 2 4 Titanite Surface 
AH-12-Ti 21 2.4 3.6     
AH-14-Ti.1  3 3 2 2 Titanite Surface 
AH-14-Ti.10  1 2 2 2 Titanite Surface 
AH-14-Ti.11  3 3 2 2 Titanite Surface 
AH-14-Ti.12  1 2 2 2 Titanite Surface 
AH-14-Ti.13  4 5 2 2 Titanite Surface 
AH-14-Ti.14  2 2 2 2 Titanite Surface 
AH-14-Ti.15  4 4 2 2 Titanite Surface 
AH-14-Ti.16  4 4 2 2 Titanite Surface 
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AH-14-Ti.17  2 4 2 2 Titanite Surface 
AH-14-Ti.18  3 3 2 2 Titanite Surface 
AH-14-Ti.19  3 2 2 2 Titanite Surface 
AH-14-Ti.2  2 3 2 2 Titanite Surface 
AH-14-Ti.20  3 3 2 2 Titanite Surface 
AH-14-Ti.3  2 4 2 2 Titanite Surface 
AH-14-Ti.4  4 5 2 2 Titanite Surface 
AH-14-Ti.5  1 3 2 2 Titanite Surface 
AH-14-Ti.6  3 2 2 2 Titanite Surface 
AH-14-Ti.7  3 4 2 2 Titanite Surface 
AH-14-Ti.8  2 1 2 2 Titanite Surface 
AH-14-Ti.9  1 2 2 2 Titanite Surface 
AH-14-Ti 20 2.6 3.1     
AH-16-Ti.1  1 1 2 4 Titanite Surface 
AH-16-Ti.10  2 5 2 4 Titanite Surface 
AH-16-Ti.11  2 3 2 4 Titanite Surface 
AH-16-Ti.12  3 4 2 4 Titanite Surface 
AH-16-Ti.13  2 1 2 4 Titanite Surface 
AH-16-Ti.14  2 4 2 4 Titanite Surface 
AH-16-Ti.15  3 4 2 4 Titanite Surface 
AH-16-Ti.16  2 4 2 4 Titanite Surface 
AH-16-Ti.17  3 4 2 4 Titanite Surface 
AH-16-Ti.18  2 3 2 4 Titanite Surface 
AH-16-Ti.19  3 3 2 4 Titanite Surface 
AH-16-Ti.2  1 4 2 4 Titanite Surface 
AH-16-Ti.20  2 4 2 4 Titanite Surface 
AH-16-Ti.3  1 3 2 4 Titanite Surface 
AH-16-Ti.4  3 4 2 4 Titanite Surface 
AH-16-Ti.5  2 2 2 4 Titanite Surface 
AH-16-Ti.6  1 3 2 4 Titanite Surface 
AH-16-Ti.7  3 5 2 4 Titanite Surface 
AH-16-Ti.8  2 4 2 4 Titanite Surface 
AH-16-Ti.9  3 5 2 4 Titanite Surface 
AH-16-Ti 20 2.2 3.5     
AH-17-Ti.1  3 5 2 4 Titanite Surface 
AH-17-Ti.10  2 3 2 4 Titanite Surface 
AH-17-Ti.11  1 3 2 4 Titanite Surface 
AH-17-Ti.12  4 3 2 4 Titanite Surface 
AH-17-Ti.13  3 1 2 4 Titanite Surface 
AH-17-Ti.14  2 3 2 4 Titanite Surface 
AH-17-Ti.2  2 2 2 4 Titanite Surface 
AH-17-Ti.3  3 2 2 4 Titanite Surface 
AH-17-Ti.4  3 3 2 4 Titanite Surface 
AH-17-Ti.5  2 4 2 4 Titanite Surface 
AH-17-Ti.6  3 4 2 4 Titanite Surface 
AH-17-Ti.7  3 1 2 4 Titanite Surface 
AH-17-Ti.8  3 4 2 4 Titanite Surface 
AH-17-Ti.9  2 4 2 4 Titanite Surface 
AH-17-Ti 14 2.6 3     
AH-20-Ti.1  1 1 2 4 Titanite Surface 
AH-20-Ti.10  3 3 2 4 Titanite Surface 
AH-20-Ti.11  3 3 2 4 Titanite Surface 
AH-20-Ti.12  3 2 2 4 Titanite Surface 
AH-20-Ti.13  2 5 2 4 Titanite Surface 
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AH-20-Ti.14  3 1 2 4 Titanite Surface 
AH-20-Ti.15  3 4 2 4 Titanite Surface 
AH-20-Ti.16  2 2 2 4 Titanite Surface 
AH-20-Ti.17  2 2 2 4 Titanite Surface 
AH-20-Ti.2  2 5 2 4 Titanite Surface 
AH-20-Ti.3  1 1 2 4 Titanite Surface 
AH-20-Ti.4  2 3 2 4 Titanite Surface 
AH-20-Ti.5  3 3 2 4 Titanite Surface 
AH-20-Ti.6  3 5 2 4 Titanite Surface 
AH-20-Ti.7  3 4 2 4 Titanite Surface 
AH-20-Ti.8  3 3 2 4 Titanite Surface 
AH-20-Ti.9  2 2 2 4 Titanite Surface 
AH-20-Ti 17 2.4 2.9     
AH-23-Ti.1  3 5 2 4 Titanite Surface 
AH-23-Ti.10  3 3 2 4 Titanite Surface 
AH-23-Ti.11  3 3 2 4 Titanite Surface 
AH-23-Ti.2  3 3 2 4 Titanite Surface 
AH-23-Ti.3  2 4 2 4 Titanite Surface 
AH-23-Ti.4  3 3 2 4 Titanite Surface 
AH-23-Ti.5  3 4 2 4 Titanite Surface 
AH-23-Ti.6  1 2 2 4 Titanite Surface 
AH-23-Ti.7  2 3 2 4 Titanite Surface 
AH-23-Ti.8  3 3 2 4 Titanite Surface 
AH-23-Ti.9  3 1 2 4 Titanite Surface 
AH-23-Ti 11 2.6 3.1     
AH-26-Ti.1  3 2 2 4 Titanite Surface 
AH-26-Ti.10  2 2 2 4 Titanite Surface 
AH-26-Ti.11  2 5 2 4 Titanite Surface 
AH-26-Ti.12  2 5 2 4 Titanite Surface 
AH-26-Ti.13  3 1 2 4 Titanite Surface 
AH-26-Ti.14  2 4 2 4 Titanite Surface 
AH-26-Ti.15  3 2 2 4 Titanite Surface 
AH-26-Ti.16  4 4 2 4 Titanite Surface 
AH-26-Ti.2  4 2 2 4 Titanite Surface 
AH-26-Ti.3  3 2 2 4 Titanite Surface 
AH-26-Ti.4  2 4 2 4 Titanite Surface 
AH-26-Ti.5  4 3 2 4 Titanite Surface 
AH-26-Ti.6  1 2 2 4 Titanite Surface 
AH-26-Ti.7  1 3 2 4 Titanite Surface 
AH-26-Ti.8  2 3 2 4 Titanite Surface 
AH-26-Ti.9  2 1 2 4 Titanite Surface 
AH-26-Ti 16 2.5 2.8     
AH-5-Ti.1  3 3 2 4 Titanite Surface 
AH-5-Ti.10  5 4 2 4 Titanite Surface 
AH-5-Ti.11  2 3 2 4 Titanite Surface 
AH-5-Ti.12  1 1 2 4 Titanite Surface 
AH-5-Ti.13  2 5 2 4 Titanite Surface 
AH-5-Ti.14  4 3 2 4 Titanite Surface 
AH-5-Ti.15  1 2 2 4 Titanite Surface 
AH-5-Ti.16  4 3 2 4 Titanite Surface 
AH-5-Ti.17  3 3 2 4 Titanite Surface 
AH-5-Ti.18  3 4 2 4 Titanite Surface 
AH-5-Ti.19  3 3 2 4 Titanite Surface 
AH-5-Ti.2  3 3 2 4 Titanite Surface 
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AH-5-Ti.3  2 2 2 4 Titanite Surface 
AH-5-Ti.4  3 1 2 4 Titanite Surface 
AH-5-Ti.5  3 5 2 4 Titanite Surface 
AH-5-Ti.6  2 4 2 4 Titanite Surface 
AH-5-Ti.7  4 3 2 4 Titanite Surface 
AH-5-Ti.8  3 1 2 4 Titanite Surface 
AH-5-Ti.9  3 4 2 4 Titanite Surface 
AH-5-Ti 19 2.8 3     
AH-6-Ti.1  4 3 2 4 Titanite Surface 
AH-6-Ti.10  3 2 2 4 Titanite Surface 
AH-6-Ti.11  2 2 2 4 Titanite Surface 
AH-6-Ti.12  3 2 2 4 Titanite Surface 
AH-6-Ti.13  2 2 2 4 Titanite Surface 
AH-6-Ti.14  3 2 2 4 Titanite Surface 
AH-6-Ti.15  3 2 2 4 Titanite Surface 
AH-6-Ti.16  4 3 2 4 Titanite Surface 
AH-6-Ti.17  3 2 2 4 Titanite Surface 
AH-6-Ti.18  2 1 2 4 Titanite Surface 
AH-6-Ti.19  2 4 2 4 Titanite Surface 
AH-6-Ti.2  3 4 2 4 Titanite Surface 
AH-6-Ti.20  3 2 2 4 Titanite Surface 
AH-6-Ti.3  3 2 2 4 Titanite Surface 
AH-6-Ti.4  2 4 2 4 Titanite Surface 
AH-6-Ti.5  3 3 2 4 Titanite Surface 
AH-6-Ti.6  3 5 2 4 Titanite Surface 
AH-6-Ti.7  4 2 2 4 Titanite Surface 
AH-6-Ti.8  3 4 2 4 Titanite Surface 
AH-6-Ti.9  3 2 2 4 Titanite Surface 
AH-6-Ti 20 2.9 2.7     
AH-8-Ti.1  2 2 2 2 Titanite Surface 
AH-8-Ti.10  2 3 2 2 Titanite Surface 
AH-8-Ti.11  3 3 2 2 Titanite Surface 
AH-8-Ti.12  2 1 2 2 Titanite Surface 
AH-8-Ti.13  2 2 2 2 Titanite Surface 
AH-8-Ti.14  3 5 2 2 Titanite Surface 
AH-8-Ti.15  3 3 2 2 Titanite Surface 
AH-8-Ti.16  2 1 2 2 Titanite Surface 
AH-8-Ti.17  5 5 2 2 Titanite Surface 
AH-8-Ti.18  1 2 2 2 Titanite Surface 
AH-8-Ti.19  3 4 2 2 Titanite Surface 
AH-8-Ti.2  4 5 2 2 Titanite Surface 
AH-8-Ti.20  2 4 2 2 Titanite Surface 
AH-8-Ti.3  4 4 2 2 Titanite Surface 
AH-8-Ti.4  2 5 2 2 Titanite Surface 
AH-8-Ti.5  1 2 2 2 Titanite Surface 
AH-8-Ti.6  2 4 2 2 Titanite Surface 
AH-8-Ti.7  3 3 2 2 Titanite Surface 
AH-8-Ti.8  3 4 2 2 Titanite Surface 
AH-8-Ti.9  4 4 2 2 Titanite Surface 
AH-8-Ti 20 2.7 3.3     
AL-1-Ti.1  3 4 2 4 Titanite Surface 
AL-1-Ti.2  3 3 2 4 Titanite Surface 
AL-1-Ti.3  2 5 2 4 Titanite Surface 
AL-1-Ti.4  3 2 2 4 Titanite Surface 
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AL-1-Ti.5  4 3 2 4 Titanite Surface 
AL-1-Ti.6  3 3 2 4 Titanite Surface 
AL-1-Ti.7  3 3 2 4 Titanite Surface 
AL-1-Ti.8  3 3 2 4 Titanite Surface 
AL-1-Ti 8 3 3.3     
AL-2-Ti.1  3 3 2 4 Titanite Surface 
AL-2-Ti.10  3 3 2 4 Titanite Surface 
AL-2-Ti.11  3 4 2 4 Titanite Surface 
AL-2-Ti.12  2 2 2 4 Titanite Surface 
AL-2-Ti.13  2 5 2 4 Titanite Surface 
AL-2-Ti.14  3 2 2 4 Titanite Surface 
AL-2-Ti.15  3 3 2 4 Titanite Surface 
AL-2-Ti.16  2 4 2 4 Titanite Surface 
AL-2-Ti.17  3 5 2 4 Titanite Surface 
AL-2-Ti.18  3 1 2 4 Titanite Surface 
AL-2-Ti.19  4 3 2 4 Titanite Surface 
AL-2-Ti.2  3 5 2 4 Titanite Surface 
AL-2-Ti.20  2 5 2 4 Titanite Surface 
AL-2-Ti.3  3 2 2 4 Titanite Surface 
AL-2-Ti.4  4 3 2 4 Titanite Surface 
AL-2-Ti.5  3 3 2 4 Titanite Surface 
AL-2-Ti.6  3 5 2 4 Titanite Surface 
AL-2-Ti.7  3 3 2 4 Titanite Surface 
AL-2-Ti.8  3 2 2 4 Titanite Surface 
AL-2-Ti.9  3 2 2 4 Titanite Surface 
AL-2-Ti 20 2.9 3.3     
AH-10-T.1  2 1 1 4 Tourmaline Surface 
AH-10-T.10  1 3 1 4 Tourmaline Surface 
AH-10-T.11  1 2 1 4 Tourmaline Surface 
AH-10-T.12  1 2 1 4 Tourmaline Surface 
AH-10-T.13  2 5 1 4 Tourmaline Surface 
AH-10-T.14  1 4 1 4 Tourmaline Surface 
AH-10-T.15  1 2 1 4 Tourmaline Surface 
AH-10-T.16  2 3 1 4 Tourmaline Surface 
AH-10-T.17  1 5 1 4 Tourmaline Surface 
AH-10-T.18  2 2 1 4 Tourmaline Surface 
AH-10-T.19  2 3 1 4 Tourmaline Surface 
AH-10-T.2  2 4 1 4 Tourmaline Surface 
AH-10-T.20  1 2 1 4 Tourmaline Surface 
AH-10-T.21  3 5 1 4 Tourmaline Surface 
AH-10-T.22  1 2 1 4 Tourmaline Surface 
AH-10-T.3  1 2 1 4 Tourmaline Surface 
AH-10-T.4  1 1 1 4 Tourmaline Surface 
AH-10-T.5  1 2 1 4 Tourmaline Surface 
AH-10-T.6  2 3 1 4 Tourmaline Surface 
AH-10-T.7  1 3 1 4 Tourmaline Surface 
AH-10-T.8  1 4 1 4 Tourmaline Surface 
AH-10-T.9  1 1 1 4 Tourmaline Surface 
AH-10-T 22 1.4 2.8     
AH-12-T.1  1 2 1 4 Tourmaline Surface 
AH-12-T.10  2 4 1 4 Tourmaline Surface 
AH-12-T.11  1 4 1 4 Tourmaline Surface 
AH-12-T.12  1 1 1 4 Tourmaline Surface 
AH-12-T.13  1 3 1 4 Tourmaline Surface 
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AH-12-T.14  5 5 1 4 Tourmaline Surface 
AH-12-T.15  1 1 1 4 Tourmaline Surface 
AH-12-T.16  1 2 1 4 Tourmaline Surface 
AH-12-T.17  1 4 1 4 Tourmaline Surface 
AH-12-T.18  2 3 1 4 Tourmaline Surface 
AH-12-T.19  2 4 1 4 Tourmaline Surface 
AH-12-T.2  2 2 1 4 Tourmaline Surface 
AH-12-T.20  1 1 1 4 Tourmaline Surface 
AH-12-T.21  2 2 1 4 Tourmaline Surface 
AH-12-T.3  2 2 1 4 Tourmaline Surface 
AH-12-T.4  1 3 1 4 Tourmaline Surface 
AH-12-T.5  2 2 1 4 Tourmaline Surface 
AH-12-T.6  2 3 1 4 Tourmaline Surface 
AH-12-T.7  1 2 1 4 Tourmaline Surface 
AH-12-T.8  2 2 1 4 Tourmaline Surface 
AH-12-T.9  2 2 1 4 Tourmaline Surface 
AH-12-T 21 1.7 2.6     
AH-14-T.1  1 3 1 4 Tourmaline Surface 
AH-14-T.10  2 3 1 4 Tourmaline Surface 
AH-14-T.11  1 2 1 4 Tourmaline Surface 
AH-14-T.12  1 4 1 4 Tourmaline Surface 
AH-14-T.13  2 1 1 4 Tourmaline Surface 
AH-14-T.14  1 2 1 4 Tourmaline Surface 
AH-14-T.15  1 3 1 4 Tourmaline Surface 
AH-14-T.16  2 3 1 4 Tourmaline Surface 
AH-14-T.17  3 1 1 4 Tourmaline Surface 
AH-14-T.18  2 2 1 4 Tourmaline Surface 
AH-14-T.19  1 2 1 4 Tourmaline Surface 
AH-14-T.2  1 2 1 4 Tourmaline Surface 
AH-14-T.20  2 1 1 4 Tourmaline Surface 
AH-14-T.3  3 3 1 4 Tourmaline Surface 
AH-14-T.4  1 1 1 4 Tourmaline Surface 
AH-14-T.5  1 3 1 4 Tourmaline Surface 
AH-14-T.6  1 1 1 4 Tourmaline Surface 
AH-14-T.7  1 1 1 4 Tourmaline Surface 
AH-14-T.8  1 1 1 4 Tourmaline Surface 
AH-14-T.9  2 1 1 4 Tourmaline Surface 
AH-14-T 20 1.5 2     
AH-16-T.1  2 1 1 4 Tourmaline Surface 
AH-16-T.10  1 1 1 4 Tourmaline Surface 
AH-16-T.11  2 4 1 4 Tourmaline Surface 
AH-16-T.12  1 1 1 4 Tourmaline Surface 
AH-16-T.13  1 3 1 4 Tourmaline Surface 
AH-16-T.14  1 3 1 4 Tourmaline Surface 
AH-16-T.15  1 2 1 4 Tourmaline Surface 
AH-16-T.16  1 3 1 4 Tourmaline Surface 
AH-16-T.17  2 2 1 4 Tourmaline Surface 
AH-16-T.18  1 5 1 4 Tourmaline Surface 
AH-16-T.19  2 2 1 4 Tourmaline Surface 
AH-16-T.2  1 1 1 4 Tourmaline Surface 
AH-16-T.20  2 2 1 4 Tourmaline Surface 
AH-16-T.3  1 2 1 4 Tourmaline Surface 
AH-16-T.4  1 1 1 4 Tourmaline Surface 
AH-16-T.5  1 4 1 4 Tourmaline Surface 
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AH-16-T.6  1 2 1 4 Tourmaline Surface 
AH-16-T.7  1 2 1 4 Tourmaline Surface 
AH-16-T.8  1 2 1 4 Tourmaline Surface 
AH-16-T.9  2 2 1 4 Tourmaline Surface 
AH-16-T 20 1.3 2.3     
AH-17-T.1  1 4 1 4 Tourmaline Surface 
AH-17-T.10  3 4 1 4 Tourmaline Surface 
AH-17-T.11  3 2 1 4 Tourmaline Surface 
AH-17-T.12  1 3 1 4 Tourmaline Surface 
AH-17-T.13  1 4 1 4 Tourmaline Surface 
AH-17-T.14  1 1 1 4 Tourmaline Surface 
AH-17-T.15  2 2 1 4 Tourmaline Surface 
AH-17-T.16  2 1 1 4 Tourmaline Surface 
AH-17-T.17  2 1 1 4 Tourmaline Surface 
AH-17-T.18  1 1 1 4 Tourmaline Surface 
AH-17-T.19  2 5 1 4 Tourmaline Surface 
AH-17-T.2  2 2 1 4 Tourmaline Surface 
AH-17-T.20  1 2 1 4 Tourmaline Surface 
AH-17-T.21  1 1 1 4 Tourmaline Surface 
AH-17-T.3  3 3 1 4 Tourmaline Surface 
AH-17-T.4  1 2 1 4 Tourmaline Surface 
AH-17-T.5  1 2 1 4 Tourmaline Surface 
AH-17-T.6  2 4 1 4 Tourmaline Surface 
AH-17-T.7  2 1 1 4 Tourmaline Surface 
AH-17-T.8  1 1 1 4 Tourmaline Surface 
AH-17-T.9  2 1 1 4 Tourmaline Surface 
AH-17-T 21 1.7 2.2     
AH-1-T.1  1 2 1 3 Tourmaline Surface 
AH-1-T 1 1 2     
AH-20-T.1  1 3 1 4 Tourmaline Surface 
AH-20-T.10  1 1 1 4 Tourmaline Surface 
AH-20-T.11  2 2 1 4 Tourmaline Surface 
AH-20-T.12  1 1 1 4 Tourmaline Surface 
AH-20-T.13  1 3 1 4 Tourmaline Surface 
AH-20-T.14  2 4 1 4 Tourmaline Surface 
AH-20-T.15  1 2 1 4 Tourmaline Surface 
AH-20-T.16  2 4 1 4 Tourmaline Surface 
AH-20-T.17  2 1 1 4 Tourmaline Surface 
AH-20-T.18  2 2 1 4 Tourmaline Surface 
AH-20-T.19  1 1 1 4 Tourmaline Surface 
AH-20-T.2  1 1 1 4 Tourmaline Surface 
AH-20-T.20  2 1 1 4 Tourmaline Surface 
AH-20-T.3  1 1 1 4 Tourmaline Surface 
AH-20-T.4  1 3 1 4 Tourmaline Surface 
AH-20-T.5  2 1 1 4 Tourmaline Surface 
AH-20-T.6  2 2 1 4 Tourmaline Surface 
AH-20-T.7  2 5 1 4 Tourmaline Surface 
AH-20-T.8  1 4 1 4 Tourmaline Surface 
AH-20-T.9  1 3 1 4 Tourmaline Surface 
AH-20-T 20 1.5 2.3     
AH-23-T.1  3 5 1 6 Tourmaline Surface 
AH-23-T.10  1 2 1 6 Tourmaline Surface 
AH-23-T.11  1 2 1 6 Tourmaline Surface 
AH-23-T.12  3 1 1 6 Tourmaline Surface 
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AH-23-T.13  2 2 1 6 Tourmaline Surface 
AH-23-T.14  1 1 1 6 Tourmaline Surface 
AH-23-T.15  1 1 1 6 Tourmaline Surface 
AH-23-T.16  1 2 1 6 Tourmaline Surface 
AH-23-T.17  2 1 1 6 Tourmaline Surface 
AH-23-T.18  2 3 1 6 Tourmaline Surface 
AH-23-T.19  3 3 1 6 Tourmaline Surface 
AH-23-T.2  1 2 1 6 Tourmaline Surface 
AH-23-T.20  1 2 1 6 Tourmaline Surface 
AH-23-T.21  3 4 1 6 Tourmaline Surface 
AH-23-T.22  2 4 1 6 Tourmaline Surface 
AH-23-T.3  2 2 1 6 Tourmaline Surface 
AH-23-T.4  2 4 1 6 Tourmaline Surface 
AH-23-T.5  1 2 1 6 Tourmaline Surface 
AH-23-T.6  1 2 1 6 Tourmaline Surface 
AH-23-T.7  2 3 1 6 Tourmaline Surface 
AH-23-T.8  1 5 1 6 Tourmaline Surface 
AH-23-T.9  2 2 1 6 Tourmaline Surface 
AH-23-T 22 1.7 2.5     
AH-24-T.1  2 1 1 4 Tourmaline Surface 
AH-24-T.10  2 1 1 4 Tourmaline Surface 
AH-24-T.11  1 4 1 4 Tourmaline Surface 
AH-24-T.12  1 2 1 4 Tourmaline Surface 
AH-24-T.13  1 1 1 4 Tourmaline Surface 
AH-24-T.14  2 3 1 4 Tourmaline Surface 
AH-24-T.15  3 4 1 4 Tourmaline Surface 
AH-24-T.16  1 3 1 4 Tourmaline Surface 
AH-24-T.17  2 2 1 4 Tourmaline Surface 
AH-24-T.18  2 1 1 4 Tourmaline Surface 
AH-24-T.19  2 2 1 4 Tourmaline Surface 
AH-24-T.2  2 4 1 4 Tourmaline Surface 
AH-24-T.20  3 3 1 4 Tourmaline Surface 
AH-24-T.3  2 2 1 4 Tourmaline Surface 
AH-24-T.4  1 2 1 4 Tourmaline Surface 
AH-24-T.5  1 2 1 4 Tourmaline Surface 
AH-24-T.6  1 3 1 4 Tourmaline Surface 
AH-24-T.7  1 2 1 4 Tourmaline Surface 
AH-24-T.8  2 3 1 4 Tourmaline Surface 
AH-24-T.9  2 5 1 4 Tourmaline Surface 
AH-24-T 20 1.7 2.5     
AH-26-T.1  1 2 1 4 Tourmaline Surface 
AH-26-T.10  1 3 1 4 Tourmaline Surface 
AH-26-T.11  2 4 1 4 Tourmaline Surface 
AH-26-T.12  2 1 1 4 Tourmaline Surface 
AH-26-T.13  1 1 1 4 Tourmaline Surface 
AH-26-T.14  1 1 1 4 Tourmaline Surface 
AH-26-T.15  1 3 1 4 Tourmaline Surface 
AH-26-T.16  2 5 1 4 Tourmaline Surface 
AH-26-T.17  1 5 1 4 Tourmaline Surface 
AH-26-T.18  2 3 1 4 Tourmaline Surface 
AH-26-T.19  1 4 1 4 Tourmaline Surface 
AH-26-T.2  1 3 1 4 Tourmaline Surface 
AH-26-T.20  2 5 1 4 Tourmaline Surface 
AH-26-T.3  2 5 1 4 Tourmaline Surface 
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AH-26-T.4  1 4 1 4 Tourmaline Surface 
AH-26-T.5  1 4 1 4 Tourmaline Surface 
AH-26-T.6  1 4 1 4 Tourmaline Surface 
AH-26-T.7  1 3 1 4 Tourmaline Surface 
AH-26-T.8  2 5 1 4 Tourmaline Surface 
AH-26-T.9  1 2 1 4 Tourmaline Surface 
AH-26-T 20 1.4 3.4     
AH-27-T.1  2 1 2 3 Tourmaline Surface 
AH-27-T.10  1 1 2 3 Tourmaline Surface 
AH-27-T.11  3 3 2 3 Tourmaline Surface 
AH-27-T.12  2 1 2 3 Tourmaline Surface 
AH-27-T.13  2 3 2 3 Tourmaline Surface 
AH-27-T.14  1 3 2 3 Tourmaline Surface 
AH-27-T.15  1 2 2 3 Tourmaline Surface 
AH-27-T.16  1 3 2 3 Tourmaline Surface 
AH-27-T.17  2 2 2 3 Tourmaline Surface 
AH-27-T.18  1 1 2 3 Tourmaline Surface 
AH-27-T.19  1 2 2 3 Tourmaline Surface 
AH-27-T.2  2 2 2 3 Tourmaline Surface 
AH-27-T.20  1 3 2 3 Tourmaline Surface 
AH-27-T.3  1 4 2 3 Tourmaline Surface 
AH-27-T.4  2 1 2 3 Tourmaline Surface 
AH-27-T.5  1 1 2 3 Tourmaline Surface 
AH-27-T.6  1 2 2 3 Tourmaline Surface 
AH-27-T.7  2 3 2 3 Tourmaline Surface 
AH-27-T.8  2 4 2 3 Tourmaline Surface 
AH-27-T.9  1 2 2 3 Tourmaline Surface 
AH-27-T 20 1.5 2.2     
AH-28-T.1  1 3 2 1 Tourmaline 10 cm 
AH-28-T.10  2 2 2 1 Tourmaline 10 cm 
AH-28-T.11  2 4 2 1 Tourmaline 10 cm 
AH-28-T.12  1 3 2 1 Tourmaline 10 cm 
AH-28-T.13  2 5 2 1 Tourmaline 10 cm 
AH-28-T.14  3 4 2 1 Tourmaline 10 cm 
AH-28-T.15  2 2 2 1 Tourmaline 10 cm 
AH-28-T.16  2 1 2 1 Tourmaline 10 cm 
AH-28-T.17  1 1 2 1 Tourmaline 10 cm 
AH-28-T.18  2 2 2 1 Tourmaline 10 cm 
AH-28-T.19  2 3 2 1 Tourmaline 10 cm 
AH-28-T.2  1 2 2 1 Tourmaline 10 cm 
AH-28-T.20  2 5 2 1 Tourmaline 10 cm 
AH-28-T.21  1 3 2 1 Tourmaline 10 cm 
AH-28-T.3  1 1 2 1 Tourmaline 10 cm 
AH-28-T.4  1 3 2 1 Tourmaline 10 cm 
AH-28-T.5  2 1 2 1 Tourmaline 10 cm 
AH-28-T.6  1 1 2 1 Tourmaline 10 cm 
AH-28-T.7  1 1 2 1 Tourmaline 10 cm 
AH-28-T.8  1 4 2 1 Tourmaline 10 cm 
AH-28-T.9  2 2 2 1 Tourmaline 10 cm 
AH-28-T 21 1.6 2.5     
AH-29-T.1  1 1 2 3 Tourmaline Surface 
AH-29-T.10  1 2 2 3 Tourmaline Surface 
AH-29-T.11  1 3 2 3 Tourmaline Surface 
AH-29-T.12  3 4 2 3 Tourmaline Surface 
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AH-29-T.13  1 1 2 3 Tourmaline Surface 
AH-29-T.14  2 1 2 3 Tourmaline Surface 
AH-29-T.15  1 2 2 3 Tourmaline Surface 
AH-29-T.16  2 3 2 3 Tourmaline Surface 
AH-29-T.17  1 1 2 3 Tourmaline Surface 
AH-29-T.18  1 2 2 3 Tourmaline Surface 
AH-29-T.19  1 5 2 3 Tourmaline Surface 
AH-29-T.2  3 4 2 3 Tourmaline Surface 
AH-29-T.20  2 2 2 3 Tourmaline Surface 
AH-29-T.3  2 3 2 3 Tourmaline Surface 
AH-29-T.4  1 1 2 3 Tourmaline Surface 
AH-29-T.5  1 2 2 3 Tourmaline Surface 
AH-29-T.6  2 2 2 3 Tourmaline Surface 
AH-29-T.7  1 2 2 3 Tourmaline Surface 
AH-29-T.8  1 2 2 3 Tourmaline Surface 
AH-29-T.9  1 4 2 3 Tourmaline Surface 
AH-29-T 20 1.5 2.4     
AH-30-T.1  1 3 2 3 Tourmaline 10 cm 
AH-30-T.10  1 1 2 3 Tourmaline 10 cm 
AH-30-T.11  1 1 2 3 Tourmaline 10 cm 
AH-30-T.12  1 5 2 3 Tourmaline 10 cm 
AH-30-T.13  3 3 2 3 Tourmaline 10 cm 
AH-30-T.14  2 3 2 3 Tourmaline 10 cm 
AH-30-T.15  1 1 2 3 Tourmaline 10 cm 
AH-30-T.16  1 2 2 3 Tourmaline 10 cm 
AH-30-T.17  1 2 2 3 Tourmaline 10 cm 
AH-30-T.18  3 4 2 3 Tourmaline 10 cm 
AH-30-T.19  2 3 2 3 Tourmaline 10 cm 
AH-30-T.2  1 3 2 3 Tourmaline 10 cm 
AH-30-T.20  2 5 2 3 Tourmaline 10 cm 
AH-30-T.21  1 1 2 3 Tourmaline 10 cm 
AH-30-T.3  1 2 2 3 Tourmaline 10 cm 
AH-30-T.4  1 3 2 3 Tourmaline 10 cm 
AH-30-T.5  2 3 2 3 Tourmaline 10 cm 
AH-30-T.6  1 1 2 3 Tourmaline 10 cm 
AH-30-T.7  1 1 2 3 Tourmaline 10 cm 
AH-30-T.8  1 4 2 3 Tourmaline 10 cm 
AH-30-T.9  2 2 2 3 Tourmaline 10 cm 
AH-30-T 21 1.4 2.5     
AH-31-T.1  2 2 2 3 Tourmaline Surface 
AH-31-T.10  2 3 2 3 Tourmaline Surface 
AH-31-T.11  1 3 2 3 Tourmaline Surface 
AH-31-T.12  2 2 2 3 Tourmaline Surface 
AH-31-T.13  1 1 2 3 Tourmaline Surface 
AH-31-T.14  2 3 2 3 Tourmaline Surface 
AH-31-T.15  2 1 2 3 Tourmaline Surface 
AH-31-T.16  1 3 2 3 Tourmaline Surface 
AH-31-T.17  1 1 2 3 Tourmaline Surface 
AH-31-T.18  2 3 2 3 Tourmaline Surface 
AH-31-T.19  1 1 2 3 Tourmaline Surface 
AH-31-T.2  1 2 2 3 Tourmaline Surface 
AH-31-T.20  2 2 2 3 Tourmaline Surface 
AH-31-T.3  1 2 2 3 Tourmaline Surface 
AH-31-T.4  1 1 2 3 Tourmaline Surface 
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AH-31-T.5  1 2 2 3 Tourmaline Surface 
AH-31-T.6  2 2 2 3 Tourmaline Surface 
AH-31-T.7  1 2 2 3 Tourmaline Surface 
AH-31-T.8  1 3 2 3 Tourmaline Surface 
AH-31-T.9  2 1 2 3 Tourmaline Surface 
AH-31-T 20 1.5 2     
AH-32-T.1  2 1 2 3 Tourmaline 10 cm 
AH-32-T.10  1 1 2 3 Tourmaline 10 cm 
AH-32-T.11  1 1 2 3 Tourmaline 10 cm 
AH-32-T.12  1 1 2 3 Tourmaline 10 cm 
AH-32-T.13  2 3 2 3 Tourmaline 10 cm 
AH-32-T.14  2 4 2 3 Tourmaline 10 cm 
AH-32-T.15  2 4 2 3 Tourmaline 10 cm 
AH-32-T.16  2 1 2 3 Tourmaline 10 cm 
AH-32-T.17  2 3 2 3 Tourmaline 10 cm 
AH-32-T.18  2 2 2 3 Tourmaline 10 cm 
AH-32-T.19  2 3 2 3 Tourmaline 10 cm 
AH-32-T.2  1 3 2 3 Tourmaline 10 cm 
AH-32-T.20  1 3 2 3 Tourmaline 10 cm 
AH-32-T.3  1 2 2 3 Tourmaline 10 cm 
AH-32-T.4  2 4 2 3 Tourmaline 10 cm 
AH-32-T.5  1 3 2 3 Tourmaline 10 cm 
AH-32-T.6  1 1 2 3 Tourmaline 10 cm 
AH-32-T.7  3 3 2 3 Tourmaline 10 cm 
AH-32-T.8  1 3 2 3 Tourmaline 10 cm 
AH-32-T.9  3 3 2 3 Tourmaline 10 cm 
AH-32-T 20 1.7 2.5     
AH-33-T.1  1 1 2 3 Tourmaline Surface 
AH-33-T.10  2 1 2 3 Tourmaline Surface 
AH-33-T.11  1 1 2 3 Tourmaline Surface 
AH-33-T.12  1 2 2 3 Tourmaline Surface 
AH-33-T.13  1 2 2 3 Tourmaline Surface 
AH-33-T.14  2 1 2 3 Tourmaline Surface 
AH-33-T.15  2 2 2 3 Tourmaline Surface 
AH-33-T.16  1 3 2 3 Tourmaline Surface 
AH-33-T.17  1 2 2 3 Tourmaline Surface 
AH-33-T.18  2 2 2 3 Tourmaline Surface 
AH-33-T.19  1 2 2 3 Tourmaline Surface 
AH-33-T.2  1 1 2 3 Tourmaline Surface 
AH-33-T.3  2 1 2 3 Tourmaline Surface 
AH-33-T.4  1 3 2 3 Tourmaline Surface 
AH-33-T.5  2 3 2 3 Tourmaline Surface 
AH-33-T.6  1 1 2 3 Tourmaline Surface 
AH-33-T.7  1 3 2 3 Tourmaline Surface 
AH-33-T.8  1 1 2 3 Tourmaline Surface 
AH-33-T.9  2 3 2 3 Tourmaline Surface 
AH-33-T 19 1.4 1.8     
AH-34-T.1  1 3 2 3 Tourmaline 10 cm 
AH-34-T.10  1 1 2 3 Tourmaline 10 cm 
AH-34-T.11  4 2 2 3 Tourmaline 10 cm 
AH-34-T.12  1 4 2 3 Tourmaline 10 cm 
AH-34-T.13  1 1 2 3 Tourmaline 10 cm 
AH-34-T.14  1 1 2 3 Tourmaline 10 cm 
AH-34-T.15  2 2 2 3 Tourmaline 10 cm 
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AH-34-T.16  1 4 2 3 Tourmaline 10 cm 
AH-34-T.17  2 2 2 3 Tourmaline 10 cm 
AH-34-T.18  1 2 2 3 Tourmaline 10 cm 
AH-34-T.19  2 3 2 3 Tourmaline 10 cm 
AH-34-T.2  1 4 2 3 Tourmaline 10 cm 
AH-34-T.20  2 4 2 3 Tourmaline 10 cm 
AH-34-T.21  1 1 2 3 Tourmaline 10 cm 
AH-34-T.3  3 4 2 3 Tourmaline 10 cm 
AH-34-T.4  3 5 2 3 Tourmaline 10 cm 
AH-34-T.5  1 3 2 3 Tourmaline 10 cm 
AH-34-T.6  1 1 2 3 Tourmaline 10 cm 
AH-34-T.7  2 3 2 3 Tourmaline 10 cm 
AH-34-T.8  1 5 2 3 Tourmaline 10 cm 
AH-34-T.9  1 2 2 3 Tourmaline 10 cm 
AH-34-T 21 1.6 2.7     
AH-5-T.1  2 1 1 4 Tourmaline Surface 
AH-5-T.10  2 4 1 4 Tourmaline Surface 
AH-5-T.11  1 5 1 4 Tourmaline Surface 
AH-5-T.12  3 5 1 4 Tourmaline Surface 
AH-5-T.13  2 1 1 4 Tourmaline Surface 
AH-5-T.14  3 5 1 4 Tourmaline Surface 
AH-5-T.15  1 2 1 4 Tourmaline Surface 
AH-5-T.2  1 2 1 4 Tourmaline Surface 
AH-5-T.3  2 5 1 4 Tourmaline Surface 
AH-5-T.4  2 3 1 4 Tourmaline Surface 
AH-5-T.5  4 5 1 4 Tourmaline Surface 
AH-5-T.6  1 3 1 4 Tourmaline Surface 
AH-5-T.7  1 1 1 4 Tourmaline Surface 
AH-5-T.8  1 2 1 4 Tourmaline Surface 
AH-5-T.9  1 5 1 4 Tourmaline Surface 
AH-5-T 15 1.8 3.3     
AH-8-T.1  2 4 1 4 Tourmaline Surface 
AH-8-T.10  2 3 1 4 Tourmaline Surface 
AH-8-T.11  1 1 1 4 Tourmaline Surface 
AH-8-T.12  1 3 1 4 Tourmaline Surface 
AH-8-T.13  1 2 1 4 Tourmaline Surface 
AH-8-T.14  1 2 1 4 Tourmaline Surface 
AH-8-T.15  2 2 1 4 Tourmaline Surface 
AH-8-T.16  1 1 1 4 Tourmaline Surface 
AH-8-T.17  1 1 1 4 Tourmaline Surface 
AH-8-T.18  1 2 1 4 Tourmaline Surface 
AH-8-T.19  1 1 1 4 Tourmaline Surface 
AH-8-T.2  2 2 1 4 Tourmaline Surface 
AH-8-T.20  1 1 1 4 Tourmaline Surface 
AH-8-T.3  1 2 1 4 Tourmaline Surface 
AH-8-T.4  1 3 1 4 Tourmaline Surface 
AH-8-T.5  1 1 1 4 Tourmaline Surface 
AH-8-T.6  1 3 1 4 Tourmaline Surface 
AH-8-T.7  2 2 1 4 Tourmaline Surface 
AH-8-T.8  1 2 1 4 Tourmaline Surface 
AH-8-T.9  2 3 1 4 Tourmaline Surface 
AH-8-T 20 1.3 2.1     
AL-2-T.1  2 3 1 6 Tourmaline Surface 
AL-2-T.10  5 3 1 6 Tourmaline Surface 
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AL-2-T.11  1 4 1 6 Tourmaline Surface 
AL-2-T.12  1 3 1 6 Tourmaline Surface 
AL-2-T.13  1 3 1 6 Tourmaline Surface 
AL-2-T.14  1 2 1 6 Tourmaline Surface 
AL-2-T.15  1 4 1 6 Tourmaline Surface 
AL-2-T.2  1 3 1 6 Tourmaline Surface 
AL-2-T.3  1 4 1 6 Tourmaline Surface 
AL-2-T.4  2 4 1 6 Tourmaline Surface 
AL-2-T.5  3 5 1 6 Tourmaline Surface 
AL-2-T.6  4 5 1 6 Tourmaline Surface 
AL-2-T.7  2 3 1 6 Tourmaline Surface 
AL-2-T.8  1 2 1 6 Tourmaline Surface 
AL-2-T.9  3 4 1 6 Tourmaline Surface 
AL-2-T 15 1.9 3.5     
AAW-10-Zr.1  5 1 1 5 Zircon Surface 
AAW-10-Zr.10  5 2 1 5 Zircon Surface 
AAW-10-Zr.11  2 1 1 5 Zircon Surface 
AAW-10-Zr.12  2 2 1 5 Zircon Surface 
AAW-10-Zr.13  2 2 1 5 Zircon Surface 
AAW-10-Zr.14  3 1 1 5 Zircon Surface 
AAW-10-Zr.15  4 2 1 5 Zircon Surface 
AAW-10-Zr.16  3 4 1 5 Zircon Surface 
AAW-10-Zr.17  5 3 1 5 Zircon Surface 
AAW-10-Zr.18  2 3 1 5 Zircon Surface 
AAW-10-Zr.19  3 1 1 5 Zircon Surface 
AAW-10-Zr.2  4 3 1 5 Zircon Surface 
AAW-10-Zr.20  5 2 1 5 Zircon Surface 
AAW-10-Zr.3  3 2 1 5 Zircon Surface 
AAW-10-Zr.4  3 2 1 5 Zircon Surface 
AAW-10-Zr.5  5 3 1 5 Zircon Surface 
AAW-10-Zr.6  4 3 1 5 Zircon Surface 
AAW-10-Zr.7  2 3 1 5 Zircon Surface 
AAW-10-Zr.8  3 2 1 5 Zircon Surface 
AAW-10-Zr.9  4 2 1 5 Zircon Surface 
AAW-10-Zr 20 3.5 2.2     
AAW-12-Zr.1  3 4 1 3 Zircon Surface 
AAW-12-Zr.10  4 3 1 3 Zircon Surface 
AAW-12-Zr.11  4 2 1 3 Zircon Surface 
AAW-12-Zr.12  3 3 1 3 Zircon Surface 
AAW-12-Zr.13  3 3 1 3 Zircon Surface 
AAW-12-Zr.14  2 2 1 3 Zircon Surface 
AAW-12-Zr.15  3 3 1 3 Zircon Surface 
AAW-12-Zr.16  5 1 1 3 Zircon Surface 
AAW-12-Zr.17  4 3 1 3 Zircon Surface 
AAW-12-Zr.18  3 1 1 3 Zircon Surface 
AAW-12-Zr.19  3 3 1 3 Zircon Surface 
AAW-12-Zr.2  1 2 1 3 Zircon Surface 
AAW-12-Zr.20  5 2 1 3 Zircon Surface 
AAW-12-Zr.3  1 3 1 3 Zircon Surface 
AAW-12-Zr.4  1 3 1 3 Zircon Surface 
AAW-12-Zr.5  4 1 1 3 Zircon Surface 
AAW-12-Zr.6  4 3 1 3 Zircon Surface 
AAW-12-Zr.7  5 2 1 3 Zircon Surface 
AAW-12-Zr.8  2 3 1 3 Zircon Surface 
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AAW-12-Zr.9  3 2 1 3 Zircon Surface 
AAW-12-Zr 20 3.2 2.5     
AAW-13-Zr.1  5 1 1 3 Zircon Surface 
AAW-13-Zr.10  4 1 1 3 Zircon Surface 
AAW-13-Zr.11  3 3 1 3 Zircon Surface 
AAW-13-Zr.12  3 3 1 3 Zircon Surface 
AAW-13-Zr.13  4 2 1 3 Zircon Surface 
AAW-13-Zr.14  1 1 1 3 Zircon Surface 
AAW-13-Zr.15  5 3 1 3 Zircon Surface 
AAW-13-Zr.16  1 3 1 3 Zircon Surface 
AAW-13-Zr.17  3 2 1 3 Zircon Surface 
AAW-13-Zr.18  4 5 1 3 Zircon Surface 
AAW-13-Zr.19  1 3 1 3 Zircon Surface 
AAW-13-Zr.2  5 3 1 3 Zircon Surface 
AAW-13-Zr.20  4 2 1 3 Zircon Surface 
AAW-13-Zr.3  4 3 1 3 Zircon Surface 
AAW-13-Zr.4  2 1 1 3 Zircon Surface 
AAW-13-Zr.5  3 2 1 3 Zircon Surface 
AAW-13-Zr.6  3 1 1 3 Zircon Surface 
AAW-13-Zr.7  4 2 1 3 Zircon Surface 
AAW-13-Zr.8  2 2 1 3 Zircon Surface 
AAW-13-Zr.9  2 3 1 3 Zircon Surface 
AAW-13-Zr 20 3.2 2.3     
AAW-14-Zr.1  3 2 1 1 Zircon Surface 
AAW-14-Zr.10  5 3 1 1 Zircon Surface 
AAW-14-Zr.11  4 2 1 1 Zircon Surface 
AAW-14-Zr.12  3 2 1 1 Zircon Surface 
AAW-14-Zr.13  5 1 1 1 Zircon Surface 
AAW-14-Zr.14  2 2 1 1 Zircon Surface 
AAW-14-Zr.15  2 1 1 1 Zircon Surface 
AAW-14-Zr.16  2 2 1 1 Zircon Surface 
AAW-14-Zr.17  4 2 1 1 Zircon Surface 
AAW-14-Zr.18  2 2 1 1 Zircon Surface 
AAW-14-Zr.19  1 3 1 1 Zircon Surface 
AAW-14-Zr.2  4 3 1 1 Zircon Surface 
AAW-14-Zr.20  3 2 1 1 Zircon Surface 
AAW-14-Zr.21  5 1 1 1 Zircon Surface 
AAW-14-Zr.3  4 2 1 1 Zircon Surface 
AAW-14-Zr.4  3 2 1 1 Zircon Surface 
AAW-14-Zr.5  4 3 1 1 Zircon Surface 
AAW-14-Zr.6  1 1 1 1 Zircon Surface 
AAW-14-Zr.7  5 1 1 1 Zircon Surface 
AAW-14-Zr.8  3 1 1 1 Zircon Surface 
AAW-14-Zr.9  3 2 1 1 Zircon Surface 
AAW-14-Zr 21 3.2 1.9     
AAW-16-Zr.1  2 3 1 5 Zircon Surface 
AAW-16-Zr.10  5 3 1 5 Zircon Surface 
AAW-16-Zr.11  1 4 1 5 Zircon Surface 
AAW-16-Zr.12  3 1 1 5 Zircon Surface 
AAW-16-Zr.13  1 1 1 5 Zircon Surface 
AAW-16-Zr.14  1 2 1 5 Zircon Surface 
AAW-16-Zr.15  2 2 1 5 Zircon Surface 
AAW-16-Zr.16  2 2 1 5 Zircon Surface 
AAW-16-Zr.17  4 3 1 5 Zircon Surface 
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AAW-16-Zr.18  1 1 1 5 Zircon Surface 
AAW-16-Zr.19  1 1 1 5 Zircon Surface 
AAW-16-Zr.2  1 3 1 5 Zircon Surface 
AAW-16-Zr.20  4 2 1 5 Zircon Surface 
AAW-16-Zr.21  4 3 1 5 Zircon Surface 
AAW-16-Zr.3  4 2 1 5 Zircon Surface 
AAW-16-Zr.4  5 1 1 5 Zircon Surface 
AAW-16-Zr.5  4 2 1 5 Zircon Surface 
AAW-16-Zr.6  4 1 1 5 Zircon Surface 
AAW-16-Zr.7  1 1 1 5 Zircon Surface 
AAW-16-Zr.8  4 2 1 5 Zircon Surface 
AAW-16-Zr.9  2 1 1 5 Zircon Surface 
AAW-16-Zr 21 2.7 2.0     
AAW-18-Zr.1  2 2 1 5 Zircon Surface 
AAW-18-Zr.10  2 1 1 5 Zircon Surface 
AAW-18-Zr.11  2 2 1 5 Zircon Surface 
AAW-18-Zr.12  1 1 1 5 Zircon Surface 
AAW-18-Zr.13  1 3 1 5 Zircon Surface 
AAW-18-Zr.14  3 2 1 5 Zircon Surface 
AAW-18-Zr.15  3 2 1 5 Zircon Surface 
AAW-18-Zr.16  3 2 1 5 Zircon Surface 
AAW-18-Zr.17  1 1 1 5 Zircon Surface 
AAW-18-Zr.18  5 2 1 5 Zircon Surface 
AAW-18-Zr.19  4 3 1 5 Zircon Surface 
AAW-18-Zr.2  5 1 1 5 Zircon Surface 
AAW-18-Zr.20  2 1 1 5 Zircon Surface 
AAW-18-Zr.3  2 1 1 5 Zircon Surface 
AAW-18-Zr.4  5 2 1 5 Zircon Surface 
AAW-18-Zr.5  3 1 1 5 Zircon Surface 
AAW-18-Zr.6  3 2 1 5 Zircon Surface 
AAW-18-Zr.7  5 1 1 5 Zircon Surface 
AAW-18-Zr.8  1 1 1 5 Zircon Surface 
AAW-18-Zr.9  4 1 1 5 Zircon Surface 
AAW-18-Zr 20 2.9 1.6     
AAW-20-Zr.1  5 1 1 5 Zircon Surface 
AAW-20-Zr.10  4 3 1 5 Zircon Surface 
AAW-20-Zr.11  1 1 1 5 Zircon Surface 
AAW-20-Zr.12  4 1 1 5 Zircon Surface 
AAW-20-Zr.13  3 1 1 5 Zircon Surface 
AAW-20-Zr.14  2 2 1 5 Zircon Surface 
AAW-20-Zr.15  4 2 1 5 Zircon Surface 
AAW-20-Zr.16  2 1 1 5 Zircon Surface 
AAW-20-Zr.17  3 2 1 5 Zircon Surface 
AAW-20-Zr.18  4 1 1 5 Zircon Surface 
AAW-20-Zr.19  3 1 1 5 Zircon Surface 
AAW-20-Zr.2  5 2 1 5 Zircon Surface 
AAW-20-Zr.20  2 1 1 5 Zircon Surface 
AAW-20-Zr.3  5 3 1 5 Zircon Surface 
AAW-20-Zr.4  5 3 1 5 Zircon Surface 
AAW-20-Zr.5  4 1 1 5 Zircon Surface 
AAW-20-Zr.6  1 3 1 5 Zircon Surface 
AAW-20-Zr.7  2 3 1 5 Zircon Surface 
AAW-20-Zr.8  2 2 1 5 Zircon Surface 
AAW-20-Zr.9  5 1 1 5 Zircon Surface 
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AAW-20-Zr 20 3.3 1.8     
AAW-22-Zr.1  3 2 1 5 Zircon Surface 
AAW-22-Zr.10  4 3 1 5 Zircon Surface 
AAW-22-Zr.11  4 2 1 5 Zircon Surface 
AAW-22-Zr.12  2 2 1 5 Zircon Surface 
AAW-22-Zr.13  5 3 1 5 Zircon Surface 
AAW-22-Zr.14  1 1 1 5 Zircon Surface 
AAW-22-Zr.15  3 1 1 5 Zircon Surface 
AAW-22-Zr.16  5 2 1 5 Zircon Surface 
AAW-22-Zr.17  4 3 1 5 Zircon Surface 
AAW-22-Zr.18  4 1 1 5 Zircon Surface 
AAW-22-Zr.19  4 1 1 5 Zircon Surface 
AAW-22-Zr.2  3 1 1 5 Zircon Surface 
AAW-22-Zr.20  5 1 1 5 Zircon Surface 
AAW-22-Zr.3  4 2 1 5 Zircon Surface 
AAW-22-Zr.4  4 3 1 5 Zircon Surface 
AAW-22-Zr.5  4 1 1 5 Zircon Surface 
AAW-22-Zr.6  1 1 1 5 Zircon Surface 
AAW-22-Zr.7  5 3 1 5 Zircon Surface 
AAW-22-Zr.8  1 3 1 5 Zircon Surface 
AAW-22-Zr.9  3 2 1 5 Zircon Surface 
AAW-22-Zr 20 3.5 1.9     
AAW-24-Zr.1  5 2 1 3 Zircon Surface 
AAW-24-Zr.10  1 2 1 3 Zircon Surface 
AAW-24-Zr.11  1 2 1 3 Zircon Surface 
AAW-24-Zr.12  5 2 1 3 Zircon Surface 
AAW-24-Zr.13  1 1 1 3 Zircon Surface 
AAW-24-Zr.14  1 1 1 3 Zircon Surface 
AAW-24-Zr.15  3 1 1 3 Zircon Surface 
AAW-24-Zr.16  3 1 1 3 Zircon Surface 
AAW-24-Zr.17  1 1 1 3 Zircon Surface 
AAW-24-Zr.18  1 1 1 3 Zircon Surface 
AAW-24-Zr.19  5 1 1 3 Zircon Surface 
AAW-24-Zr.2  5 1 1 3 Zircon Surface 
AAW-24-Zr.20  4 2 1 3 Zircon Surface 
AAW-24-Zr.3  3 3 1 3 Zircon Surface 
AAW-24-Zr.4  1 2 1 3 Zircon Surface 
AAW-24-Zr.5  5 2 1 3 Zircon Surface 
AAW-24-Zr.6  5 3 1 3 Zircon Surface 
AAW-24-Zr.7  1 2 1 3 Zircon Surface 
AAW-24-Zr.8  3 2 1 3 Zircon Surface 
AAW-24-Zr.9  3 2 1 3 Zircon Surface 
AAW-24-Zr 20 2.9 1.7     
AAW-25-Zr.1  4 1 1 5 Zircon Surface 
AAW-25-Zr.10  5 1 1 5 Zircon Surface 
AAW-25-Zr.11  1 1 1 5 Zircon Surface 
AAW-25-Zr.12  5 2 1 5 Zircon Surface 
AAW-25-Zr.13  5 3 1 5 Zircon Surface 
AAW-25-Zr.14  5 1 1 5 Zircon Surface 
AAW-25-Zr.15  1 1 1 5 Zircon Surface 
AAW-25-Zr.16  5 2 1 5 Zircon Surface 
AAW-25-Zr.17  3 1 1 5 Zircon Surface 
AAW-25-Zr.18  5 1 1 5 Zircon Surface 
AAW-25-Zr.19  3 2 1 5 Zircon Surface 
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AAW-25-Zr.2  1 3 1 5 Zircon Surface 
AAW-25-Zr.20  3 1 1 5 Zircon Surface 
AAW-25-Zr.3  3 2 1 5 Zircon Surface 
AAW-25-Zr.4  2 2 1 5 Zircon Surface 
AAW-25-Zr.5  2 2 1 5 Zircon Surface 
AAW-25-Zr.6  5 1 1 5 Zircon Surface 
AAW-25-Zr.7  5 1 1 5 Zircon Surface 
AAW-25-Zr.8  4 1 1 5 Zircon Surface 
AAW-25-Zr.9  1 1 1 5 Zircon Surface 
AAW-25-Zr 20 3.4 1.5     
AAW-2-Zr.1  2 2 1 3 Zircon Surface 
AAW-2-Zr.10  3 2 1 3 Zircon Surface 
AAW-2-Zr.11  4 1 1 3 Zircon Surface 
AAW-2-Zr.12  3 2 1 3 Zircon Surface 
AAW-2-Zr.13  5 2 1 3 Zircon Surface 
AAW-2-Zr.14  4 1 1 3 Zircon Surface 
AAW-2-Zr.15  3 3 1 3 Zircon Surface 
AAW-2-Zr.16  3 2 1 3 Zircon Surface 
AAW-2-Zr.17  5 2 1 3 Zircon Surface 
AAW-2-Zr.18  4 2 1 3 Zircon Surface 
AAW-2-Zr.19  3 2 1 3 Zircon Surface 
AAW-2-Zr.2  5 3 1 3 Zircon Surface 
AAW-2-Zr.20  3 1 1 3 Zircon Surface 
AAW-2-Zr.3  4 2 1 3 Zircon Surface 
AAW-2-Zr.4  3 2 1 3 Zircon Surface 
AAW-2-Zr.5  3 1 1 3 Zircon Surface 
AAW-2-Zr.6  1 2 1 3 Zircon Surface 
AAW-2-Zr.7  3 1 1 3 Zircon Surface 
AAW-2-Zr.8  4 1 1 3 Zircon Surface 
AAW-2-Zr.9  2 2 1 3 Zircon Surface 
AAW-2-Zr 20 3.4 1.8     
AAW-4-Zr.1  2 2 1 5 Zircon Surface 
AAW-4-Zr.10  4 2 1 5 Zircon Surface 
AAW-4-Zr.11  5 2 1 5 Zircon Surface 
AAW-4-Zr.12  4 2 1 5 Zircon Surface 
AAW-4-Zr.13  4 2 1 5 Zircon Surface 
AAW-4-Zr.14  3 1 1 5 Zircon Surface 
AAW-4-Zr.15  2 2 1 5 Zircon Surface 
AAW-4-Zr.16  5 1 1 5 Zircon Surface 
AAW-4-Zr.17  2 2 1 5 Zircon Surface 
AAW-4-Zr.18  3 1 1 5 Zircon Surface 
AAW-4-Zr.19  2 2 1 5 Zircon Surface 
AAW-4-Zr.2  5 2 1 5 Zircon Surface 
AAW-4-Zr.20  1 1 1 5 Zircon Surface 
AAW-4-Zr.3  2 1 1 5 Zircon Surface 
AAW-4-Zr.4  3 2 1 5 Zircon Surface 
AAW-4-Zr.5  4 2 1 5 Zircon Surface 
AAW-4-Zr.6  3 3 1 5 Zircon Surface 
AAW-4-Zr.7  2 2 1 5 Zircon Surface 
AAW-4-Zr.8  3 1 1 5 Zircon Surface 
AAW-4-Zr.9  4 1 1 5 Zircon Surface 
AAW-4-Zr 20 3.2 1.7     
AAW-6-Zr.1  4 3 1 5 Zircon Surface 
AAW-6-Zr.10  2 1 1 5 Zircon Surface 
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AAW-6-Zr.11  1 2 1 5 Zircon Surface 
AAW-6-Zr.12  3 1 1 5 Zircon Surface 
AAW-6-Zr.13  3 3 1 5 Zircon Surface 
AAW-6-Zr.14  1 3 1 5 Zircon Surface 
AAW-6-Zr.15  1 1 1 5 Zircon Surface 
AAW-6-Zr.16  2 1 1 5 Zircon Surface 
AAW-6-Zr.17  2 1 1 5 Zircon Surface 
AAW-6-Zr.18  2 2 1 5 Zircon Surface 
AAW-6-Zr.19  4 1 1 5 Zircon Surface 
AAW-6-Zr.2  2 1 1 5 Zircon Surface 
AAW-6-Zr.20  1 2 1 5 Zircon Surface 
AAW-6-Zr.3  1 2 1 5 Zircon Surface 
AAW-6-Zr.4  2 2 1 5 Zircon Surface 
AAW-6-Zr.5  1 2 1 5 Zircon Surface 
AAW-6-Zr.6  3 2 1 5 Zircon Surface 
AAW-6-Zr.7  5 1 1 5 Zircon Surface 
AAW-6-Zr.8  1 1 1 5 Zircon Surface 
AAW-6-Zr.9  1 2 1 5 Zircon Surface 
AAW-6-Zr 20 2.1 1.7     
AAW-8-Zr.1  1 1 1 5 Zircon Surface 
AAW-8-Zr.10  3 3 1 5 Zircon Surface 
AAW-8-Zr.11  4 3 1 5 Zircon Surface 
AAW-8-Zr.12  3 3 1 5 Zircon Surface 
AAW-8-Zr.13  5 2 1 5 Zircon Surface 
AAW-8-Zr.14  1 3 1 5 Zircon Surface 
AAW-8-Zr.15  1 1 1 5 Zircon Surface 
AAW-8-Zr.2  1 1 1 5 Zircon Surface 
AAW-8-Zr.3  1 2 1 5 Zircon Surface 
AAW-8-Zr.4  1 4 1 5 Zircon Surface 
AAW-8-Zr.5  1 1 1 5 Zircon Surface 
AAW-8-Zr.6  1 1 1 5 Zircon Surface 
AAW-8-Zr.7  3 2 1 5 Zircon Surface 
AAW-8-Zr.8  4 3 1 5 Zircon Surface 
AAW-8-Zr.9  5 2 1 5 Zircon Surface 
AAW-8-Zr 15 2.3 2.1     
AH-10-Zr.1  5 1 1 1 Zircon Surface 
AH-10-Zr.10  1 1 1 1 Zircon Surface 
AH-10-Zr.11  4 2 1 1 Zircon Surface 
AH-10-Zr.12  1 3 1 1 Zircon Surface 
AH-10-Zr.13  4 2 1 1 Zircon Surface 
AH-10-Zr.14  4 4 1 1 Zircon Surface 
AH-10-Zr.15  5 1 1 1 Zircon Surface 
AH-10-Zr.16  3 4 1 1 Zircon Surface 
AH-10-Zr.17  1 1 1 1 Zircon Surface 
AH-10-Zr.18  3 3 1 1 Zircon Surface 
AH-10-Zr.19  1 1 1 1 Zircon Surface 
AH-10-Zr.2  3 3 1 1 Zircon Surface 
AH-10-Zr.3  3 1 1 1 Zircon Surface 
AH-10-Zr.4  2 1 1 1 Zircon Surface 
AH-10-Zr.5  2 2 1 1 Zircon Surface 
AH-10-Zr.6  3 4 1 1 Zircon Surface 
AH-10-Zr.7  1 3 1 1 Zircon Surface 
AH-10-Zr.8  3 4 1 1 Zircon Surface 
AH-10-Zr.9  5 4 1 1 Zircon Surface 
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AH-10-Zr 19 2.8 2.4     
AH-12-Zr.1  4 1 1 1 Zircon Surface 
AH-12-Zr.10  4 2 1 1 Zircon Surface 
AH-12-Zr.11  2 2 1 1 Zircon Surface 
AH-12-Zr.12  4 3 1 1 Zircon Surface 
AH-12-Zr.13  3 3 1 1 Zircon Surface 
AH-12-Zr.14  2 1 1 1 Zircon Surface 
AH-12-Zr.15  4 2 1 1 Zircon Surface 
AH-12-Zr.16  2 2 1 1 Zircon Surface 
AH-12-Zr.17  1 1 1 1 Zircon Surface 
AH-12-Zr.18  4 1 1 1 Zircon Surface 
AH-12-Zr.19  3 1 1 1 Zircon Surface 
AH-12-Zr.2  3 3 1 1 Zircon Surface 
AH-12-Zr.20  2 2 1 1 Zircon Surface 
AH-12-Zr.3  1 3 1 1 Zircon Surface 
AH-12-Zr.4  5 1 1 1 Zircon Surface 
AH-12-Zr.5  3 2 1 1 Zircon Surface 
AH-12-Zr.6  3 3 1 1 Zircon Surface 
AH-12-Zr.7  2 2 1 1 Zircon Surface 
AH-12-Zr.8  4 1 1 1 Zircon Surface 
AH-12-Zr.9  4 2 1 1 Zircon Surface 
AH-12-Zr 20 3 1.9     
AH-14-Zr.1  1 1 1 1 Zircon Surface 
AH-14-Zr.10  1 2 1 1 Zircon Surface 
AH-14-Zr.11  3 3 1 1 Zircon Surface 
AH-14-Zr.12  3 5 1 1 Zircon Surface 
AH-14-Zr.13  2 3 1 1 Zircon Surface 
AH-14-Zr.14  3 5 1 1 Zircon Surface 
AH-14-Zr.15  3 3 1 1 Zircon Surface 
AH-14-Zr.16  1 1 1 1 Zircon Surface 
AH-14-Zr.17  2 2 1 1 Zircon Surface 
AH-14-Zr.18  4 5 1 1 Zircon Surface 
AH-14-Zr.19  3 4 1 1 Zircon Surface 
AH-14-Zr.2  3 5 1 1 Zircon Surface 
AH-14-Zr.20  2 2 1 1 Zircon Surface 
AH-14-Zr.3  1 1 1 1 Zircon Surface 
AH-14-Zr.4  1 3 1 1 Zircon Surface 
AH-14-Zr.5  4 1 1 1 Zircon Surface 
AH-14-Zr.6  3 4 1 1 Zircon Surface 
AH-14-Zr.7  3 3 1 1 Zircon Surface 
AH-14-Zr.8  1 2 1 1 Zircon Surface 
AH-14-Zr.9  1 3 1 1 Zircon Surface 
AH-14-Zr 20 2.3 2.9     
AH-16-Zr.1  2 4 1 1 Zircon Surface 
AH-16-Zr.10  2 5 1 1 Zircon Surface 
AH-16-Zr.11  1 3 1 1 Zircon Surface 
AH-16-Zr.12  4 5 1 1 Zircon Surface 
AH-16-Zr.13  2 3 1 1 Zircon Surface 
AH-16-Zr.14  3 4 1 1 Zircon Surface 
AH-16-Zr.15  5 4 1 1 Zircon Surface 
AH-16-Zr.16  3 3 1 1 Zircon Surface 
AH-16-Zr.17  4 4 1 1 Zircon Surface 
AH-16-Zr.18  1 4 1 1 Zircon Surface 
AH-16-Zr.19  4 4 1 1 Zircon Surface 
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AH-16-Zr.2  4 2 1 1 Zircon Surface 
AH-16-Zr.20  3 4 1 1 Zircon Surface 
AH-16-Zr.3  3 3 1 1 Zircon Surface 
AH-16-Zr.4  2 1 1 1 Zircon Surface 
AH-16-Zr.5  1 4 1 1 Zircon Surface 
AH-16-Zr.6  1 1 1 1 Zircon Surface 
AH-16-Zr.7  1 2 1 1 Zircon Surface 
AH-16-Zr.8  3 2 1 1 Zircon Surface 
AH-16-Zr.9  1 1 1 1 Zircon Surface 
AH-16-Zr 20 2.5 3.2     
AH-17-Zr.1  5 1 1 3 Zircon Surface 
AH-17-Zr.10  1 2 1 3 Zircon Surface 
AH-17-Zr.11  4 3 1 3 Zircon Surface 
AH-17-Zr.12  2 2 1 3 Zircon Surface 
AH-17-Zr.13  4 3 1 3 Zircon Surface 
AH-17-Zr.14  1 3 1 3 Zircon Surface 
AH-17-Zr.15  3 3 1 3 Zircon Surface 
AH-17-Zr.16  2 2 1 3 Zircon Surface 
AH-17-Zr.17  4 2 1 3 Zircon Surface 
AH-17-Zr.18  2 2 1 3 Zircon Surface 
AH-17-Zr.19  4 2 1 3 Zircon Surface 
AH-17-Zr.2  1 2 1 3 Zircon Surface 
AH-17-Zr.20  4 3 1 3 Zircon Surface 
AH-17-Zr.3  4 2 1 3 Zircon Surface 
AH-17-Zr.4  5 2 1 3 Zircon Surface 
AH-17-Zr.5  3 2 1 3 Zircon Surface 
AH-17-Zr.6  4 4 1 3 Zircon Surface 
AH-17-Zr.7  5 2 1 3 Zircon Surface 
AH-17-Zr.8  4 2 1 3 Zircon Surface 
AH-17-Zr.9  2 3 1 3 Zircon Surface 
AH-17-Zr 20 3.2 2.4     
AH-1-Zr.1  4 5 1 3 Zircon Surface 
AH-1-Zr.2  3 5 1 3 Zircon Surface 
AH-1-Zr.3  5 3 1 3 Zircon Surface 
AH-1-Zr 3 4 4.3     
AH-20-Zr.1  3 4 1 1 Zircon Surface 
AH-20-Zr.10  2 4 1 1 Zircon Surface 
AH-20-Zr.11  3 3 1 1 Zircon Surface 
AH-20-Zr.12  2 3 1 1 Zircon Surface 
AH-20-Zr.13  3 5 1 1 Zircon Surface 
AH-20-Zr.14  4 3 1 1 Zircon Surface 
AH-20-Zr.15  1 1 1 1 Zircon Surface 
AH-20-Zr.16  5 2 1 1 Zircon Surface 
AH-20-Zr.17  1 5 1 1 Zircon Surface 
AH-20-Zr.18  3 5 1 1 Zircon Surface 
AH-20-Zr.19  3 2 1 1 Zircon Surface 
AH-20-Zr.2  3 2 1 1 Zircon Surface 
AH-20-Zr.20  4 3 1 1 Zircon Surface 
AH-20-Zr.21  4 4 1 1 Zircon Surface 
AH-20-Zr.3  3 1 1 1 Zircon Surface 
AH-20-Zr.4  3 1 1 1 Zircon Surface 
AH-20-Zr.5  2 2 1 1 Zircon Surface 
AH-20-Zr.6  2 3 1 1 Zircon Surface 
AH-20-Zr.7  2 3 1 1 Zircon Surface 
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AH-20-Zr.8  2 3 1 1 Zircon Surface 
AH-20-Zr.9  5 1 1 1 Zircon Surface 
AH-20-Zr 21 2.9 2.9     
AH-23-Zr.1  2 3 1 1 Zircon Surface 
AH-23-Zr.10  4 2 1 1 Zircon Surface 
AH-23-Zr.11  2 4 1 1 Zircon Surface 
AH-23-Zr.12  1 2 1 1 Zircon Surface 
AH-23-Zr.13  4 3 1 1 Zircon Surface 
AH-23-Zr.14  4 3 1 1 Zircon Surface 
AH-23-Zr.15  3 3 1 1 Zircon Surface 
AH-23-Zr.16  1 2 1 1 Zircon Surface 
AH-23-Zr.17  5 2 1 1 Zircon Surface 
AH-23-Zr.18  3 4 1 1 Zircon Surface 
AH-23-Zr.19  5 3 1 1 Zircon Surface 
AH-23-Zr.2  1 3 1 1 Zircon Surface 
AH-23-Zr.20  3 3 1 1 Zircon Surface 
AH-23-Zr.3  4 2 1 1 Zircon Surface 
AH-23-Zr.4  3 2 1 1 Zircon Surface 
AH-23-Zr.5  5 3 1 1 Zircon Surface 
AH-23-Zr.6  4 1 1 1 Zircon Surface 
AH-23-Zr.7  4 1 1 1 Zircon Surface 
AH-23-Zr.8  5 2 1 1 Zircon Surface 
AH-23-Zr.9  3 2 1 1 Zircon Surface 
AH-23-Zr 20 3.3 2.5     
AH-24-Zr.1  4 3 1 1 Zircon Surface 
AH-24-Zr.10  5 1 1 1 Zircon Surface 
AH-24-Zr.11  5 2 1 1 Zircon Surface 
AH-24-Zr.12  4 3 1 1 Zircon Surface 
AH-24-Zr.13  5 3 1 1 Zircon Surface 
AH-24-Zr.14  3 2 1 1 Zircon Surface 
AH-24-Zr.15  3 3 1 1 Zircon Surface 
AH-24-Zr.16  3 3 1 1 Zircon Surface 
AH-24-Zr.17  2 4 1 1 Zircon Surface 
AH-24-Zr.18  3 3 1 1 Zircon Surface 
AH-24-Zr.19  2 1 1 1 Zircon Surface 
AH-24-Zr.2  3 1 1 1 Zircon Surface 
AH-24-Zr.20  3 2 1 1 Zircon Surface 
AH-24-Zr.3  3 1 1 1 Zircon Surface 
AH-24-Zr.4  1 2 1 1 Zircon Surface 
AH-24-Zr.5  1 2 1 1 Zircon Surface 
AH-24-Zr.6  2 3 1 1 Zircon Surface 
AH-24-Zr.7  1 4 1 1 Zircon Surface 
AH-24-Zr.8  3 3 1 1 Zircon Surface 
AH-24-Zr.9  5 3 1 1 Zircon Surface 
AH-24-Zr 20 3.1 2.5     
AH-26-Zr.1  3 2 1 1 Zircon Surface 
AH-26-Zr.10  3 3 1 1 Zircon Surface 
AH-26-Zr.11  3 4 1 1 Zircon Surface 
AH-26-Zr.12  3 1 1 1 Zircon Surface 
AH-26-Zr.13  1 4 1 1 Zircon Surface 
AH-26-Zr.14  3 2 1 1 Zircon Surface 
AH-26-Zr.15  2 1 1 1 Zircon Surface 
AH-26-Zr.16  3 3 1 1 Zircon Surface 
AH-26-Zr.17  5 1 1 1 Zircon Surface 
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AH-26-Zr.18  2 3 1 1 Zircon Surface 
AH-26-Zr.19  4 5 1 1 Zircon Surface 
AH-26-Zr.2  3 1 1 1 Zircon Surface 
AH-26-Zr.20  5 4 1 1 Zircon Surface 
AH-26-Zr.3  1 1 1 1 Zircon Surface 
AH-26-Zr.4  1 4 1 1 Zircon Surface 
AH-26-Zr.5  1 1 1 1 Zircon Surface 
AH-26-Zr.6  3 4 1 1 Zircon Surface 
AH-26-Zr.7  1 3 1 1 Zircon Surface 
AH-26-Zr.8  2 2 1 1 Zircon Surface 
AH-26-Zr.9  2 3 1 1 Zircon Surface 
AH-26-Zr 20 2.6 2.6     
AH-27-Zr.1  5 4 2 1 Zircon Surface 
AH-27-Zr.10  1 2 2 1 Zircon Surface 
AH-27-Zr.11  3 4 2 1 Zircon Surface 
AH-27-Zr.12  4 3 2 1 Zircon Surface 
AH-27-Zr.13  2 3 2 1 Zircon Surface 
AH-27-Zr.14  3 3 2 1 Zircon Surface 
AH-27-Zr.15  1 4 2 1 Zircon Surface 
AH-27-Zr.16  1 1 2 1 Zircon Surface 
AH-27-Zr.17  1 2 2 1 Zircon Surface 
AH-27-Zr.18  1 1 2 1 Zircon Surface 
AH-27-Zr.19  3 3 2 1 Zircon Surface 
AH-27-Zr.2  3 2 2 1 Zircon Surface 
AH-27-Zr.20  4 2 2 1 Zircon Surface 
AH-27-Zr.3  4 3 2 1 Zircon Surface 
AH-27-Zr.4  3 3 2 1 Zircon Surface 
AH-27-Zr.5  2 2 2 1 Zircon Surface 
AH-27-Zr.6  1 2 2 1 Zircon Surface 
AH-27-Zr.7  1 2 2 1 Zircon Surface 
AH-27-Zr.8  3 4 2 1 Zircon Surface 
AH-27-Zr.9  4 3 2 1 Zircon Surface 
AH-27-Zr 20 2.5 2.7     
AH-28-Zr.1  4 2 2 1 Zircon 10 cm 
AH-28-Zr.10  5 3 2 1 Zircon 10 cm 
AH-28-Zr.11  3 2 2 1 Zircon 10 cm 
AH-28-Zr.12  2 2 2 1 Zircon 10 cm 
AH-28-Zr.13  2 3 2 1 Zircon 10 cm 
AH-28-Zr.14  4 3 2 1 Zircon 10 cm 
AH-28-Zr.15  3 4 2 1 Zircon 10 cm 
AH-28-Zr.16  2 3 2 1 Zircon 10 cm 
AH-28-Zr.17  2 1 2 1 Zircon 10 cm 
AH-28-Zr.18  3 3 2 1 Zircon 10 cm 
AH-28-Zr.19  2 3 2 1 Zircon 10 cm 
AH-28-Zr.2  3 2 2 1 Zircon 10 cm 
AH-28-Zr.20  2 2 2 1 Zircon 10 cm 
AH-28-Zr.3  3 1 2 1 Zircon 10 cm 
AH-28-Zr.4  2 2 2 1 Zircon 10 cm 
AH-28-Zr.5  2 1 2 1 Zircon 10 cm 
AH-28-Zr.6  1 1 2 1 Zircon 10 cm 
AH-28-Zr.7  1 3 2 1 Zircon 10 cm 
AH-28-Zr.8  5 1 2 1 Zircon 10 cm 
AH-28-Zr.9  2 3 2 1 Zircon 10 cm 
AH-28-Zr 20 2.7 2.3     
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AH-29-Zr.1  3 1 2 1 Zircon Surface 
AH-29-Zr.10  2 2 2 1 Zircon Surface 
AH-29-Zr.11  4 2 2 1 Zircon Surface 
AH-29-Zr.12  1 3 2 1 Zircon Surface 
AH-29-Zr.13  2 2 2 1 Zircon Surface 
AH-29-Zr.14  3 2 2 1 Zircon Surface 
AH-29-Zr.15  1 1 2 1 Zircon Surface 
AH-29-Zr.16  1 2 2 1 Zircon Surface 
AH-29-Zr.17  3 4 2 1 Zircon Surface 
AH-29-Zr.18  4 1 2 1 Zircon Surface 
AH-29-Zr.19  3 2 2 1 Zircon Surface 
AH-29-Zr.2  5 3 2 1 Zircon Surface 
AH-29-Zr.20  3 3 2 1 Zircon Surface 
AH-29-Zr.3  3 3 2 1 Zircon Surface 
AH-29-Zr.4  1 1 2 1 Zircon Surface 
AH-29-Zr.5  4 2 2 1 Zircon Surface 
AH-29-Zr.6  2 2 2 1 Zircon Surface 
AH-29-Zr.7  5 2 2 1 Zircon Surface 
AH-29-Zr.8  2 1 2 1 Zircon Surface 
AH-29-Zr.9  4 2 2 1 Zircon Surface 
AH-29-Zr 20 2.8 2.1     
AH-2-Zr.1  2 5 1 3 Zircon Surface 
AH-2-Zr.10  1 1 1 3 Zircon Surface 
AH-2-Zr.2  1 1 1 3 Zircon Surface 
AH-2-Zr.3  1 5 1 3 Zircon Surface 
AH-2-Zr.4  2 5 1 3 Zircon Surface 
AH-2-Zr.5  3 5 1 3 Zircon Surface 
AH-2-Zr.6  3 5 1 3 Zircon Surface 
AH-2-Zr.7  1 3 1 3 Zircon Surface 
AH-2-Zr.8  5 1 1 3 Zircon Surface 
AH-2-Zr.9  3 5 1 3 Zircon Surface 
AH-2-Zr 10 2.2 3.6     
AH-30-Zr.1  2 2 2 1 Zircon 10 cm 
AH-30-Zr.10  3 3 2 1 Zircon 10 cm 
AH-30-Zr.11  1 1 2 1 Zircon 10 cm 
AH-30-Zr.12  2 2 2 1 Zircon 10 cm 
AH-30-Zr.13  1 3 2 1 Zircon 10 cm 
AH-30-Zr.14  4 4 2 1 Zircon 10 cm 
AH-30-Zr.15  4 4 2 1 Zircon 10 cm 
AH-30-Zr.16  2 3 2 1 Zircon 10 cm 
AH-30-Zr.17  5 2 2 1 Zircon 10 cm 
AH-30-Zr.18  4 3 2 1 Zircon 10 cm 
AH-30-Zr.19  5 2 2 1 Zircon 10 cm 
AH-30-Zr.2  4 4 2 1 Zircon 10 cm 
AH-30-Zr.20  3 1 2 1 Zircon 10 cm 
AH-30-Zr.3  2 2 2 1 Zircon 10 cm 
AH-30-Zr.4  3 3 2 1 Zircon 10 cm 
AH-30-Zr.5  3 3 2 1 Zircon 10 cm 
AH-30-Zr.6  5 3 2 1 Zircon 10 cm 
AH-30-Zr.7  5 3 2 1 Zircon 10 cm 
AH-30-Zr.8  3 3 2 1 Zircon 10 cm 
AH-30-Zr.9  1 2 2 1 Zircon 10 cm 
AH-30-Zr 20 3.1 2.7     
AH-31-Zr.1  2 2 2 1 Zircon Surface 
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AH-31-Zr.10  4 4 2 1 Zircon Surface 
AH-31-Zr.11  3 2 2 1 Zircon Surface 
AH-31-Zr.12  5 2 2 1 Zircon Surface 
AH-31-Zr.13  2 3 2 1 Zircon Surface 
AH-31-Zr.14  3 3 2 1 Zircon Surface 
AH-31-Zr.15  3 5 2 1 Zircon Surface 
AH-31-Zr.16  1 1 2 1 Zircon Surface 
AH-31-Zr.17  2 3 2 1 Zircon Surface 
AH-31-Zr.18  1 2 2 1 Zircon Surface 
AH-31-Zr.19  3 2 2 1 Zircon Surface 
AH-31-Zr.2  3 2 2 1 Zircon Surface 
AH-31-Zr.20  1 1 2 1 Zircon Surface 
AH-31-Zr.3  2 2 2 1 Zircon Surface 
AH-31-Zr.4  2 2 2 1 Zircon Surface 
AH-31-Zr.5  3 4 2 1 Zircon Surface 
AH-31-Zr.6  4 3 2 1 Zircon Surface 
AH-31-Zr.7  2 2 2 1 Zircon Surface 
AH-31-Zr.8  3 3 2 1 Zircon Surface 
AH-31-Zr.9  3 4 2 1 Zircon Surface 
AH-31-Zr 20 2.6 2.6     
AH-32-Zr.1  3 2 2 1 Zircon 10 cm 
AH-32-Zr.10  1 2 2 1 Zircon 10 cm 
AH-32-Zr.11  5 4 2 1 Zircon 10 cm 
AH-32-Zr.12  1 2 2 1 Zircon 10 cm 
AH-32-Zr.13  5 3 2 1 Zircon 10 cm 
AH-32-Zr.14  4 2 2 1 Zircon 10 cm 
AH-32-Zr.15  1 1 2 1 Zircon 10 cm 
AH-32-Zr.16  4 5 2 1 Zircon 10 cm 
AH-32-Zr.17  3 5 2 1 Zircon 10 cm 
AH-32-Zr.18  3 2 2 1 Zircon 10 cm 
AH-32-Zr.19  3 2 2 1 Zircon 10 cm 
AH-32-Zr.2  5 2 2 1 Zircon 10 cm 
AH-32-Zr.20  1 4 2 1 Zircon 10 cm 
AH-32-Zr.3  5 1 2 1 Zircon 10 cm 
AH-32-Zr.4  4 2 2 1 Zircon 10 cm 
AH-32-Zr.5  2 3 2 1 Zircon 10 cm 
AH-32-Zr.6  5 2 2 1 Zircon 10 cm 
AH-32-Zr.7  4 3 2 1 Zircon 10 cm 
AH-32-Zr.8  1 2 2 1 Zircon 10 cm 
AH-32-Zr.9  1 2 2 1 Zircon 10 cm 
AH-32-Zr 20 3.1 2.6     
AH-33-Zr.1  2 3 2 1 Zircon Surface 
AH-33-Zr.10  1 2 2 1 Zircon Surface 
AH-33-Zr.11  4 2 2 1 Zircon Surface 
AH-33-Zr.12  5 1 2 1 Zircon Surface 
AH-33-Zr.13  5 2 2 1 Zircon Surface 
AH-33-Zr.14  1 3 2 1 Zircon Surface 
AH-33-Zr.15  1 1 2 1 Zircon Surface 
AH-33-Zr.16  4 4 2 1 Zircon Surface 
AH-33-Zr.17  3 1 2 1 Zircon Surface 
AH-33-Zr.18  1 4 2 1 Zircon Surface 
AH-33-Zr.19  4 5 2 1 Zircon Surface 
AH-33-Zr.2  2 2 2 1 Zircon Surface 
AH-33-Zr.20  1 3 2 1 Zircon Surface 
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AH-33-Zr.21  3 3 2 1 Zircon Surface 
AH-33-Zr.3  2 2 2 1 Zircon Surface 
AH-33-Zr.4  3 4 2 1 Zircon Surface 
AH-33-Zr.5  3 2 2 1 Zircon Surface 
AH-33-Zr.6  4 2 2 1 Zircon Surface 
AH-33-Zr.7  1 1 2 1 Zircon Surface 
AH-33-Zr.8  2 3 2 1 Zircon Surface 
AH-33-Zr.9  2 3 2 1 Zircon Surface 
AH-33-Zr 21 2.6 2.5     
AH-34-Zr.1  2 3 2 1 Zircon 10 cm 
AH-34-Zr.10  2 2 2 1 Zircon 10 cm 
AH-34-Zr.11  3 2 2 1 Zircon 10 cm 
AH-34-Zr.12  2 3 2 1 Zircon 10 cm 
AH-34-Zr.13  3 1 2 1 Zircon 10 cm 
AH-34-Zr.14  3 3 2 1 Zircon 10 cm 
AH-34-Zr.15  3 2 2 1 Zircon 10 cm 
AH-34-Zr.16  4 2 2 1 Zircon 10 cm 
AH-34-Zr.17  5 1 2 1 Zircon 10 cm 
AH-34-Zr.18  2 1 2 1 Zircon 10 cm 
AH-34-Zr.19  5 4 2 1 Zircon 10 cm 
AH-34-Zr.2  5 1 2 1 Zircon 10 cm 
AH-34-Zr.20  3 2 2 1 Zircon 10 cm 
AH-34-Zr.3  4 2 2 1 Zircon 10 cm 
AH-34-Zr.4  3 3 2 1 Zircon 10 cm 
AH-34-Zr.5  1 1 2 1 Zircon 10 cm 
AH-34-Zr.6  3 4 2 1 Zircon 10 cm 
AH-34-Zr.7  4 2 2 1 Zircon 10 cm 
AH-34-Zr.8  1 3 2 1 Zircon 10 cm 
AH-34-Zr.9  3 2 2 1 Zircon 10 cm 
AH-34-Zr 20 3.1 2.2     
AH-5-Zr.1  4 4 1 3 Zircon Surface 
AH-5-Zr.10  4 2 1 3 Zircon Surface 
AH-5-Zr.11  2 2 1 3 Zircon Surface 
AH-5-Zr.12  3 3 1 3 Zircon Surface 
AH-5-Zr.13  5 4 1 3 Zircon Surface 
AH-5-Zr.14  2 3 1 3 Zircon Surface 
AH-5-Zr.15  3 3 1 3 Zircon Surface 
AH-5-Zr.16  2 3 1 3 Zircon Surface 
AH-5-Zr.17  1 3 1 3 Zircon Surface 
AH-5-Zr.18  3 4 1 3 Zircon Surface 
AH-5-Zr.19  3 4 1 3 Zircon Surface 
AH-5-Zr.2  3 4 1 3 Zircon Surface 
AH-5-Zr.20  4 5 1 3 Zircon Surface 
AH-5-Zr.3  3 4 1 3 Zircon Surface 
AH-5-Zr.4  2 3 1 3 Zircon Surface 
AH-5-Zr.5  4 5 1 3 Zircon Surface 
AH-5-Zr.6  3 4 1 3 Zircon Surface 
AH-5-Zr.7  3 3 1 3 Zircon Surface 
AH-5-Zr.8  2 2 1 3 Zircon Surface 
AH-5-Zr.9  3 2 1 3 Zircon Surface 
AH-5-Zr 20 3.0 3.4     
AH-6-Zr.1  2 3 1 1 Zircon Surface 
AH-6-Zr.10  1 4 1 1 Zircon Surface 
AH-6-Zr.11  2 1 1 1 Zircon Surface 
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AH-6-Zr.12  2 2 1 1 Zircon Surface 
AH-6-Zr.13  2 4 1 1 Zircon Surface 
AH-6-Zr.14  3 5 1 1 Zircon Surface 
AH-6-Zr.15  4 4 1 1 Zircon Surface 
AH-6-Zr.16  3 4 1 1 Zircon Surface 
AH-6-Zr.17  2 3 1 1 Zircon Surface 
AH-6-Zr.18  2 4 1 1 Zircon Surface 
AH-6-Zr.19  3 3 1 1 Zircon Surface 
AH-6-Zr.2  3 4 1 1 Zircon Surface 
AH-6-Zr.20  5 5 1 1 Zircon Surface 
AH-6-Zr.3  3 3 1 1 Zircon Surface 
AH-6-Zr.4  2 1 1 1 Zircon Surface 
AH-6-Zr.5  4 1 1 1 Zircon Surface 
AH-6-Zr.6  3 3 1 1 Zircon Surface 
AH-6-Zr.7  3 5 1 1 Zircon Surface 
AH-6-Zr.8  3 2 1 1 Zircon Surface 
AH-6-Zr.9  2 4 1 1 Zircon Surface 
AH-6-Zr 20 2.7 3.3     
AH-8-Zr.1  4 4 1 3 Zircon Surface 
AH-8-Zr.10  1 3 1 3 Zircon Surface 
AH-8-Zr.11  1 4 1 3 Zircon Surface 
AH-8-Zr.12  1 1 1 3 Zircon Surface 
AH-8-Zr.13  2 3 1 3 Zircon Surface 
AH-8-Zr.14  1 3 1 3 Zircon Surface 
AH-8-Zr.15  2 2 1 3 Zircon Surface 
AH-8-Zr.16  1 4 1 3 Zircon Surface 
AH-8-Zr.17  2 2 1 3 Zircon Surface 
AH-8-Zr.18  3 2 1 3 Zircon Surface 
AH-8-Zr.19  1 3 1 3 Zircon Surface 
AH-8-Zr.2  2 3 1 3 Zircon Surface 
AH-8-Zr.20  5 3 1 3 Zircon Surface 
AH-8-Zr.3  1 2 1 3 Zircon Surface 
AH-8-Zr.4  1 4 1 3 Zircon Surface 
AH-8-Zr.5  2 2 1 3 Zircon Surface 
AH-8-Zr.6  1 2 1 3 Zircon Surface 
AH-8-Zr.7  2 3 1 3 Zircon Surface 
AH-8-Zr.8  1 5 1 3 Zircon Surface 
AH-8-Zr.9  3 3 1 3 Zircon Surface 
AH-8-Zr 20 1.9 2.9     
AL-1-Zr.1  4 1 1 3 Zircon Surface 
AL-1-Zr.10  1 1 1 3 Zircon Surface 
AL-1-Zr.11  3 4 1 3 Zircon Surface 
AL-1-Zr.12  1 1 1 3 Zircon Surface 
AL-1-Zr.2  3 1 1 3 Zircon Surface 
AL-1-Zr.3  1 3 1 3 Zircon Surface 
AL-1-Zr.4  2 3 1 3 Zircon Surface 
AL-1-Zr.5  2 3 1 3 Zircon Surface 
AL-1-Zr.6  4 4 1 3 Zircon Surface 
AL-1-Zr.7  2 1 1 3 Zircon Surface 
AL-1-Zr.8  1 5 1 3 Zircon Surface 
AL-1-Zr.9  5 3 1 3 Zircon Surface 
AL-1-Zr 12 2.4 2.5     
AL-2-Zr.1  3 2 1 3 Zircon Surface 
AL-2-Zr.10  5 1 1 3 Zircon Surface 
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Grain n Roundness Etching Section Target Mineral Depth 
AL-2-Zr.11  4 4 1 3 Zircon Surface 
AL-2-Zr.12  3 2 1 3 Zircon Surface 
AL-2-Zr.13  1 3 1 3 Zircon Surface 
AL-2-Zr.14  4 1 1 3 Zircon Surface 
AL-2-Zr.15  5 3 1 3 Zircon Surface 
AL-2-Zr.16  4 2 1 3 Zircon Surface 
AL-2-Zr.17  2 3 1 3 Zircon Surface 
AL-2-Zr.18  2 1 1 3 Zircon Surface 
AL-2-Zr.19  3 3 1 3 Zircon Surface 
AL-2-Zr.2  3 3 1 3 Zircon Surface 
AL-2-Zr.20  3 2 1 3 Zircon Surface 
AL-2-Zr.21  1 2 1 3 Zircon Surface 
AL-2-Zr.3  3 1 1 3 Zircon Surface 
AL-2-Zr.4  2 2 1 3 Zircon Surface 
AL-2-Zr.5  4 1 1 3 Zircon Surface 
AL-2-Zr.6  2 2 1 3 Zircon Surface 
AL-2-Zr.7  3 3 1 3 Zircon Surface 
AL-2-Zr.8  3 3 1 3 Zircon Surface 
AL-2-Zr.9  5 2 1 3 Zircon Surface 
AL-2-Zr 21 3.1 2.2     
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APPENDIX 4 
 
DOWNSTREAM RELATIVE ABUNDANCE OF GRAINS WITH A VALUE OF 5 
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APPENDIX 5 
 
DOWNSTREAM RELATIVE ABUNDANCE OF GRAINS WITH A VALUE OF 4 
OR 5 (3, 4 OR 5 FOR ZIRCON ETCHING AND TOURMALINE 
ROUNDNESS) 
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APPENDIX 6 
 
RELATIONSHIP BETWEEN ROUNDNESS AND ETCHING FOR EACH 
MINERAL PHASE IN EACH RIVER 
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Map 2
Heavy mineral abundance of 
select samples of the Ahuriri 
River, with satellite image 
(Google Earth) as background.
km
0 50 100
166˚ 168˚ 170˚ 172˚ 174˚
166˚ 168˚ 170˚ 172˚ 174˚
-46˚
-44˚
-42˚
-40˚
-46˚
-44˚
-42˚
-40˚
Alpine
Fault Main
Divide
Ahuriri River
Haast River
